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Abstract 


This  report  covers  the  last  year  of  a  contract  which  studied  low 
voltage  degradation,  the  TSPC/DC  spectra  of  BaTiO^,  and  the  dielectric  and 
electrical  properties  of  BaTiO^  composites  (polymer  and  air)  and  the  first 
one  and  one  half  years  of  a  project  which  focussed  on  1 )  measurements  on 
commercially  available  relaxor  type  dielectrics,  and  2)  organometallic 
processed  relaxor  dielectrics  synthesis,  fabrication  and  measurement.  The 
measurements  to  be  made  are  electrical  conductivity,  dielectric  properties, 
and  current-time  voltage  behavior  as  a  function  of  chemical  composition, 
temperature,  and  humidity. 

Recent  Results  and  Achievements 

Our  program  has  progressed  to  the  point  where  a  number  of  our  initial 
goals  have  been  achieved.  The  most  significant  accomplishments  are 
descibed  below. 

High  Voltage  Degradation  of  High  Purity  BaTIO-, 

1 .  The  stoichiometric  composition  exhibits  the  lowest  current  levels  in 
all  fields  and  at  all  firing  temperatures.  This  leads  one  to  suspect  that 
the  second  phase,  present  from  the  excess  barium  titanate,  contributes  to 
the  degradation. 

2.  Compositions  with  barium/titanium  ratios  of  greater  than  one  exhibit 
higher  current  levels  and  enhanced  degradation  compared  to  the  excess 
titanium  compositions.  This  is  contrary  to  some  of  our  previous  results 
but  is  probably  due  to  the  hydration  of  the  Ba^TiO^  phase,  which  is 
present,  because  barium  is  essentially  insoluble  in  BaTiO.. 


3.  Compositions  with  barium/titanium  ratios  less  than  one  exhibit  higher 


current  levels  and  enhanced  degradation  compared  to  the  stoichiometric 
composition. 

Decreasing  the  density  or  increasing  the  porosity  results  in  lower 
current  levels  and  improved  degradation  resistance.  The  specimens  with  the 
highest  porosities  are  the  best.  These  do  not  degrade  even  with  fields  as 
high  as  20  kV/cm  at  which  breakdown  occurs.  From  these  results,  we 
conclude  that  surface  conduction  with  the  presence  of  water  leads  to  higher 
leakage  current  in  porous  capacitors,  and  if  water  is  excluded,  no 
increases  in  leakage  current  are  observed. 

5.  Increasing  the  applied  field  increases  the  initial  degradation  rate. 

In  many  instances,  a  shift  from  ohmic  to  nonlinear  voltage  dependence  is 
observed  as  the  field  is  increased. 

High  Voltage  Degradation  Studies 

1 .  The  current-voltage  behavior  ranges  from  ohmic  to  voltage  dependences 
greater  than  that  predicted  by  the  space  charge  limited  current.  There 
does  not  appear  to  be  any  distinctive  power  law  that  depicts 
current-voltage  behavior.  The  only  trend  that  we  have  observed  is  that  the 
capacitors,  which  are  most  reliable,  are  those  closest  to  ohmic  behavior. 

2.  The  temperature  dependence  of  stable  capacitors  yields  an  activation 
energy  greater  than  1  eV,  whereas  capacitors  which  degrade,  have  an 
activation  energy  less  than  1  eV.  In  general,  as  the  field  increases,  the 
activation  energy  decreases  as  the  degradation  rate  increases. 

3.  In  order  to  obtain  reproducible  results,  capacitors  need  to  be 
reequilibrated  between  I-time  runs,  particularly  those  that  degrade.  We 
found  that  equilibration  at  1000°C  for  eight  hours  is  required  to  achieve 
reproducibility .  If  this  is  not  done,  when  the  voltage  is  increased,  the 


current  starts  at  about  the  same  level  that  it  finished  with  the  previous 
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measurement.  The  implication  that  we  get  from  this  result  is  that 
life-testing  our  parts  at  high  voltages  to  qualify  them  may  start  them  on 
the  road  to  failure.  Perhaps,  we  should  try  to  make  the  MLC's  good  enough 
so  that  the  "burn-in"  step  can  be  eliminated.  This  in  turn  would  eliminate 
the  suspected  premature  accelerated  failure  resulting  from  testing. 


’.4 


Low-Voltage  Degradation  Studies 

1.  None  of  the  1*100  encapsulated  and  600  chip  commercial  capacitors 
tested  failed  the  methanol  test.  We  detected  failures  in  some  chip 
capacitors,  which  we  knew  had  gross  flaws  that  were  in  the  form  of  delams 
and  thermally  created  cracks.  We  conclude  that  the  methanol  test  is  only 
sensitive  to  physical  flaws,  which  allow  the  methanol  to  penetrate  to  an 
active  region  of  the  capacitor.  We  suspect  that  this  test  is  not  very 
sensitive  and  should  be  used  with  caution.  Perhaps  soaking  in  a  salt 
solution  would  be  a  better  screening  method. 

2.  None  of  the  1100  capacitors  tested  with  an  85/85/1.5  VDC  developed  the 
classic  low  voltage  shorts,  and  3.6J  of  the  capacitors  decreased  in 
resistance  by  two  orders  of  magnitude  or  greater  during  the  life  tests.  It 
was  evident  that  gradual  degradation  of  the  dielectrics  was  occuring  during 
the  tests.  These  capacitors,  when  subjected  to  the  thermally  stimulated 
current  test,  behaved  as  conductors  rather  than  capacitors. 

3.  MLC's  exhibit  non-ohmic  I-V  behavior.  The  current  levels  for  all  of 
the  MLC's  were  non-ohmic.  It  appears  that  this  may  be  related  to  their 
high  voltage  degradation. 

*1.  a)  The  methanol  test  is  only  sensitive  to  physical  flaws  which 
penetrate  from  the  surface  to  an  active  region  of  a  capacitor. 
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b)  Low  voltage  failure  was  induced  into  multilayer  ceramic  capacitors 
by  the  introduction  of  micro-cracks  reaching  from  the  surface  through  the 
electrode  layers  by  means  of  thermal  shock  and  then  exposing  the  capacitors 
to  a  low  voltage  bias  and  a  humid  atmosphere.  Results  indicated  a  simple 
electrolytic  solution  mechanism  may  be  the  conduction  mechanism,  and  that 
the  proposed  dendritic  growth  mechanisms  may  be  more  complex  than 
necessary. 

One  of  the  most  significant  observations  was  that  in  the  presence  of 
moisture  the  leakage  current  followed  a  "saw  tooth"  pattern  very  similar  to 
that  observed  for  porous  BaTiO^  suggesting  that  continuous  surfaces  between 
anode  and  cathode  are  necessary  for  the  appearance  of  the  low  voltage 
failure  mechanism. 

The  cracked  capacitors  in  this  study  showed  the  "classical"  low 
voltage  failure  characteristics,  i.e.  the  presence  of  structural  defects 
and  the  tendency  to  clear  under  high  bias. 

In  several  notable  instances,  a  "sawtooth"  pattern  of  failure  was  seen 
to  occur.  This  "sawtooth"  pattern  is  unique  to  this  study,  and  has  a 
period  of  approximately  30  minutes. 

No  excess  electrode  material  was  found  anywhere  in  any  of  the  cracks 
examined. 

Any  time  the  moisture  was  removed  from  the  capacitor,  either  by 
manipulation  of  the  atmosphere  or  by  heating  the  capacitor,  failure 
immediately  ceased. 

The  electrode  material,  Pd,  is  practically  insoluble  in  water. 

Low  voltage  did  not  occur  at  0.5  VDC  bias,  but  did  occur  at  1.0  VDC 
bias,  establishing  a  failure  threshold  between  these  two  voltages. 

The  results  indicate  that  dendritic  growth  is  not  the  cause  of 
low-voltage  failure.  The  period  of  the  "sawtooth"  is  30  minutes,  too  short 


a  time  for  Pd  dendrites  to  grow.  Dendritic  growth  also  requires  a 
supersaturation  of  electrode  material  in  solution  and  low  temperatures, 
both  of  which  were  unavailable  conditions.  Furthermore,  failure  ceased  to 
occur  immediately  after  the  moisture  was  removed  from  the  atmosphere.  If 
dendrites  were  providing  conduction  paths,  removing  their  growth  mechanism 
shouldn't  remove  already  existing  dendrites. 

It  is  much  more  likely  that  failure  occured  due  to  an  electrolytic 
conduction  mechanism.  Any  soluble  impurity  ions  present  could  conceivably 
contribute  to  breakdown.  Also,  water  electrolysis  at  0.87  VDC,  which 
agrees  with  our  threshold  location  between  0.5  and  1.0  VDC.  At  higher 
voltages  the  increased  currents  could  generate  enough  localized  heat  to 
evaporate  the  aqueous  conducting  medium.  This  also  explains  the  "sawtooth" 
effect  observed. 

TSPC/TSDC  Measurements 

1 .  TSPC/DC  can  distinguish  between  "good"  and  "failed"  units. 

2.  TSPC/DC  can  detect  tendencies  towards  failure  and  if  the  unit  is 
already  degrading. 

3.  TSPC/DC  can  detect  variations  in  chemical  composition  which  lead  to 
nonuniform  Curie  temperatures.  This  technique  is  also  sensitive  to  phase 
transformations. 

This  technique  is  an  excellent  indicator  of  stoichiometry  of  BaTiO^. 
This  is  because  the  microstructure  is  very  Ba:Ti  ratio  sensitive,  and  the 
TSPC/DC  technique  is  sensitive  to  lattice  strain  and  domain  clamping. 

5.  Thermally  stimulated  current  measurements  by  themselves  cannot 
consistently  predict  failure.  This  technique  does  offer  information  on 
failure  but  would  not  serve  as  a  primary  screen. 


6.  Thermally  stimulated  current  measurements  cannot  detect  internal 
flaws,  such  as  cracks,  delams,  and  pores.  It  appears  that  the  polarization 
mechanisms  in  the  high  K  materials  are  so  large  that  the  charge  absorption 
and  desorption  from  them  masks  any  charging  or  discharging  activity  that  a 
physical  flaw  might  exhibit. 

7.  Thermally-stimulated  polarization/depolarization  current  (TSPC/DC) 
measurements  were  made  on  high-purity  doped  and  undoped  BaTiO^  as  a 
function  of  applied  field,  heating  rate,  dopant  level,  and  Ba:Ti  ratio. 

The  form  of  the  TSPC/DC  curves  is  dependent  upon  both  the  resistive  and 
ferroelectric  properties  of  BaTiO^-  For  TSPC  spectra,  current  peaks  are 
exhibited  due  to  the  spontaneous  polarization  with  changing  crystal 
structure.  In  particular,  whether  the  phase  transition  is  first  or  second 
order  influences  the  existence  and  magnitude  of  the  current  peaks. 

TSDC  measurements  are  essentially  dynamic  pyroelectric  measurements 
and  as  such  are  useful  in  determining  the  pyroelectric  coefficient  and  the 
magnitude  of  the  spontaneous  polarization.  The  TSDC  current  did  not 
approach  zero  in  the  paraelectric  region  for  some  of  the  specimens, 
indicative  of  an  anomalous  polarization  present  due  to  the  migration  of 
charged  oxygen  vacancies.  This  information  is  useful  for  analyzing  DC 
electrical  degradation. 

Variation  in  the  Ba:Ti  ratio  affects  the  grain  size  distribution,  and 
hence,  the  ease  of  domain  switching.  This  directly  affects  the  presence 
and  magnitude  of  current  peaks.  The  Ba:Ti  ratio  also  affects  the 
activation  energy  of  conduction,  resistivity,  and  degradation  behavior,  all 
of  which  are  reflected  by  the  magnitude  of  the  TSPC/DC  current  in  the 


paraelectric  region. 


BaTiO^  Composites 

In  this  investigation  composites  of  unconsolidated  BaTiO^  powder 
(>99.9$  purity,  <0.1pm  crystalline  size)  or  partially-sintered  BaTiO^  with 
either  air  or  polymer  were  studied.  The  purpose  of  this  study  was  to 
measure  the  dielectric  and  electrical  properties  of  the  composites,  and  to 
determine  how  well  these  properties  fit  existing  theories  concerning 
fine-grained  permittivity  and  dielectric  mixing  rules. 

The  microstructures  of  the  composites  were  characterized  by  scanning 
electron  microscopy  and  density  measurement.  A  stress-structure  model  with 
both  the  Niesel-Bruggeman  and  Bottcher  mixing  rules  is  proposed  to  explain 
the  observed  dielectric  behavior  of  the  composites  in  terms  of  the 
microstructure.  The  results  showed  the  enhanced  dielectric  constants  of 
the  composites  were  obtained  by  the  stress  enhancement. 

Relaxor  Behavior  of  La-Doped  Lead  Zirconate  Titanate 

An  extension  of  the  electrical  and  mechanical  phase  diagram  of 
La-doped  PbZrO^/PbTiO^  (PLZT)  has  been  made  using  samples  of  8  at.$  La 
(PLZT-8),  10  at.$  La  (PLZT-10),  and  12  at.$  La  (PLZT-12).  Magnetically 
driven  mechanical  resonance  curves  for  thin  reed  samples  were  recorded  as  a 
function  of  temperature  and  La  concentration.  The  resonance  curves  were 
analyzed  using  an  empirical  expansion  to  the  third  order  spring  constant  to 
accomodate  the  strongly  nonlinear  response.  The  results  indicated  that  the 
elastic  softening  anomaly  in  PLZT-8  fell  significantly  below  the  maximum  in 
the  dielectric  constant,  but  coincident  in  temperature  with  an  observed 
"bump"  in  the  dissipation  factor.  The  elastic  anomaly  in  PLZT-10  and 
PLZT-12  fell  near  the  maximum  in  the  100  KHz  dielectric  constant,  and  no 
"bump"  was  observed  in  the  dissipation  factor.  The  results  of  thermally 


stimulated  current  measurements  showed  that  under  an  electric  field  of  500 


V/cm  depolarization  occured  almost  linearly  from  the  poled  ferroelectric 


state  to  the  paraelectric  state.  The  polarization  goes  abruptly  to  zero 


near  410°K  for  all  compositions  with  the  field  applied.  The  field  free 


depolarization  curves  for  all  compositions  extended  beyond  ^10°K.  The 


endpoint  was  not  observed.  (Appendix  E) 


Preparation  of  Relaxor  Dielectrics 


1)  Polymeric  Synthesis  of  Pb^MgNb^g 


The  results  show  that  single  phase  powders  of  about  50  nm  crystallite 


size  can  be  prepared  at  temperatures  as  low  as  500°C.  This  preparation 


technique  is  based  upon  having  the  individual  cations  complexed  in  separate 


weak  organic  acid  solutions.  The  individual  solutions  are  gravimetrically 


analyzed  for  the  respective  cation  concentration  to  a  precision  of  10-100 


ppm.  In  this  way  it  is  possible  to  precisely  control  all  of  the  cation 


concentrations,  and  to  mix  the  ions  on  an  atomic  scale  in  the  liquid  state. 


There  is  no  precipitation  in  the  mixed  solution  as  it  is  evaporated  to  the 


rigid  polymeric  states  in  the  form  of  a  uniformly  colored  transparent 


glass.  This  glass  is  calcined  to  yield  powders  which  are  both  homogeneous 


and  single  phase  with  well  controlled  cation  stoichiometry.  The  synthesis 


process  is  described  in  Appendix  F  and  some  resulting  electrical, 


microstructural  and  crystallographic  characteristics  were  obtained  for 


sintered  capacitors  made  with  powders  derived  from  this  synthesis. 


2)  Solid  State  Synthesis  of  Pb^MgNb^Og 


The  sintering  behavior  and  microstructural  development  of  dielectric 


ceramics  based  on  Pb(Mg,  ._Nb  \r>  dktia  ,  ... 

1 /2riu2/3'U3-pbTiO-  solid  solutions  are  greatly 


affected  by  the  formation  of  a  liquid  phase  at  -1290°C.  Prolonged 


sintering  at  and  above  this  temperature  gives  rise  to  an  excessive  PbO  loss 


and  the  resultant  variation  in  composition  leads  to  an  inhomogeneous 
microstructure.  The  inhomogeneity  is  characterized  by  the  formation  of  a 
dense,  localized  region  containing  a  PbO-rich  liquid  near  the  surface  with 
a  porous  interior  region  in  the  bulk  of  the  sample. 

The  synthesis  of  perovskite  Pb(Mg1  from  an  equimolar  mixture 

of  Pb^Nb^Og  and  MgO  was  studied  by  solid-state  reaction  techniques.  An 
addition  of  1  wt./l  excess  MgO  to  the  stoichiometric  composition  enhances 
the  formation  of  the  cubic  perovskite  phase.  The  absence  of  free  PbO  in 
the  initial  starting  materials  minimizes  the  volatilization  loss  during 
firing,  thereby  reducing  the  possibility  of  any  compositional  change  and 
resulting  in  a  substantial  improvement  of  the  perovskite  phase  purity  over 
the  conventional  mixed-oxide  processing. 

Status  of  Individual  Projects 

TSPC/DC  Measurements 

These  measurements  were  originally  undertaken  to  see  if  this  technique 
could  yield  information  on  the  degradation  process  in  ceramic  capacitors. 
The  results  have  shown  that  the  polarization  mechanisms  in  the  high  K 
materials  are  so  large  that  any  contribution  that  degradation  can  make  is 
not  detectable.  Therefore,  these  measurements  have  been  suspended. 
(Appendices  A  and  B) 

Dielectric  Composite  Studies 

These  studies  were  undertaken  in  order  to  evaluate  the  relationship  of 


porosity  to  dielectric  properties.  These  studies  were  completed  in  early 
1986  so  no  further  work  is  being  done.  (Appendix  C) 


Low  Voltage  Degradation  Studies 


This  work  was  completed  in  late  1986  when  we  were  able  to  show  that 
low  voltage  failure  was  related  to  physical  defects  such  as  cracks  and 
porosity  and  the  presence  of  water.  No  further  work  is  planned  in  this 
area.  (Appendix  D) 


Relaxor  Degradation  Studies 


These  studies  are  in  progress  using  commercial  materials  from  TAM 
Ceramics  on  DuPont  and  laboratory  prepared  materials. 

The  long  term  stability  of  ceramic  capacitors  is  of  a  great  importance 
to  the  electronics  industry.  Presently,  two  mechanisms  of  degradation 
failure  have  been  identified.  One  is  associated  with  an  intrinsic 
mechanism  and  the  other  an  extrinsic  mechanism.  This  research  program  is 
directed  at  developing  an  understanding  of  the  two  failure  mechanisms  in 
both  BaTiO^  and  relaxor  based  dielectrics.  To  facilitate  this  research  we 
have  been  making  extensive  electrical  measurements  and  microstructural 
evaluations  on  both  commercial  and  laboratory-prepared  specimens.  The 
measurements  being  performed  include: 

1)  Current  as  a  function  of  time,  temperature,  and  applied  field  to 
evaluate  both  low  and  high  voltage  degradation. 

2)  Destructive  microstructural  evaluations. 

3)  Thermally  stimulated  polarization/depolarization  current  (TSPC/DC) 
measurements. 


Relaxor  Preparation 


These  studies  are  in  progress  and  involve  both  polymeric  precursor  and 


mix  oxide  preparation  techniques.  The  most  important  results  are  contained 


in  Appendices  F  through  K. 


The  polymeric  precursor  preparation  technique  is  very  promising  since 


it  offers  the  opportunity  of  making  capacitors  at  temperature  below  950 °C 
and  allows  the  preparation  of  film  capacitors  from  organic  films  obtained 
by  spinning  the  polymer  precursor  onto  substrates  such  as  silicon.  This 
work  is  therefore  being  expanded  with  the  intent  of  gaining  an 
understanding  of  the  polymer  precursor  process. 
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A  new  method  of  studying  ferroelectric  materials  has  been  characterized 
through  measurements  on  BaTiC^:  Thermally-Stimulated  Polarization/ 
Depolarization  Current  (TSPC/DC)  measurements.  TSPC/DC  spectra  yield 
information  concerning  the  temperature  and  order  of  phase  transitions,  the 
degree  of  domain  reorientation  during  heating  and  poling,  the  pyroelectric 
coefficient,  DC  electrical  degradation,  resistivity,  and  the  activation  energy  of 
conduction,  as  well  as  the  influence  of  nonstoichiometry  and  impurities  on 
these  properties.  Measurements  were  performed  on  nonstoichiometric, 
Sr-shifted,  Zr-shifted,  donor-doped,  and  acceptor-doped  BaTiOg,  as  well 
several  commercial  capacitors. 

The  form  of  TSPC/DC  spectra  in  terms  of  current  magnitude,  the  presence 
of  peaks,  and  current  reversal  is  dependent  upon  the  resistivity,  and  change  in 
the  polarization  during  heating.  Current  peaks  are  observed  at  the  phase 
transitions,  the  magnitude  and  sign  of  which  are  dependent  on  the  difference  in 
the  spontaneous  polarization  of  the  two  phases,  and  the  order  of  the  phase 
transition. 

TSC  results  showed  the  ferroelectric-paraelectric  phase  transition  in 
BaxTi03  is  first  order  only  for  x  <  1 .000,  if  grain  sizes  are  greater  than  several 
microns.  Increasing  the  field  increases  the  rhombohedral-orthorhombic  phase 
transition  temperature  by  3.4  x  10'3  K  cm/V,  decreases  the  orthorhombic- 
tetragonal  phase  transition  temperature  by  4.8  x>  10*3  K-cm/V,  and  increases 
the  tetragonal-cubic  phase  transition  temperature  by  1 .3  x  10'3  K-cm/V.  Phase 
transition  temperatures  are  also  affected  by  the  grain  size;  fine-grained 


ui 


materials  shift  the  phase  transition  temperatures  an  amount  predicted  from  the 
magnitude  of  the  internal  stress  and  Devonshire  theory. 

Diffuse  phase  transitions  observed  in  Zr-shifted  and  Nb-doped  BaTiC^, 
and  the  temperature-independent  dielectric  constant  of  commercial  capacitors 
are  due  to  compositional  inhomogeneities,  as  evidenced  by  the  small 
fluctuations  in  current  during  depolarization. 

TSPC-1  and  TSPC-2  spectra  showed  nonstoichiometry  and  larger  grain 
sizes  increases  the  conductivity,  decreases  the  activation  energy  of  conduction, 
and  results  in  enhanced  degradation.  Those  specimens  which  degrade  exhibit 
greater  current  levels  in  the  TSPC-2  spectra,  and  a  non-zero  pyroelectric  signal 
in  the  paraelectric  state,  indicative  of  an  anomalous  polarization  due  to  the 
migration  of  V0°°. 

Ba^S^TiC^  compositions  for  x  =  0.25,  0.30,  and  0.35  exhibit 
anomalously  high  dielectric  constants  at  the  Curie  point,  the  maximum  being 
29,000  for  the  x  *  0.25  specimen.  This  behavior  is  attributed  to  a  "pure"  second 
order  transition  for  which  the  permittivity  approaches  infinity  on  a  theoretical 
basis.  Slight  nonstoichiometry  drastically  reduced  the  K  to  "normal"  levels. 

Donor  and  acceptor  doping  had  a  marked  effect  on  the  ferroelectric 
behavior  in  terms  of  altering  the  phase  transition  temperatures  and  the 
resistivity,  both  of  which  are  clearly  resolved  by  the  TSC  spectra. 


APPENDIX  B 


TSPC/DC  Measurements  on  Barium  Titanate 


W.  Huebner  and  H.  Anderson 


Applications  of  Ferroelectrics 


June  5-11,  1986 


K 


$ 


I 


K 


WWW 


/fi’tr'  /'’n  b  hzkvdi.  .  Iqu  3  °~C 

;f  /  Q/^V 

TSPC/DC  MEASUREMENTS  ON  BARIUM  TITANATE 
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Abstract 

Thermally- stimulated  polarization/dapolar- 
ization  currant  (TSPC/DC)  measurements  vara  aada 
on  high-purity  dopad  and  undo  pad  BaTiOj  aa  a 
function  of  appliad  fiald,  haating  rata,  dopant 
laval,  and  Ba:Ti  ratio  Tha  fora  of  tha  TSPC/DC 
eurvaa  ia  dapandant  upon  both  tha  raaiativa  and 
farroalaotrio  propart 1 a*  of  BaTiOj.  For  TSPC 
apactra,  currant  paaka  ara  exhibited  dua  to  tha 
change  in  in  nagnituda  and  dir act ion  of  tha 
apontanaoua  polarization  vith  changing  crystal 
atructura.  In  particular,  vhathar  tha  phaaa 
tranaition  ia  firat  or  aacond  ordar  influancaa 
tha  aziatanca  and  nagnituda  of  tha  currant 
paaka. 

TSOC  naaauraaanta  ara  aaaantially  dynamo 
pyroalactrie  naaauraaanta  and  aa  aueh  ara  uaaful 
in  dataraining  tha  pyroalactrie  ooaffioiant  and 
tha  nagnituda  of  tha  apontanaoua  polarization. 
Tha  TSOC  currant  did  not  approaah  zaro  in  tha 
paraalactric  region  for  aona  of  tha  apacinana, 
indicative  of  an  anomalous  polarization  praaaat 
dua  to  tha  migration  of  charged  oxygon 
vaoanciaa.  This  information  ia  uaaful  for 
analyzing  DC  olactrical  degradation. 

Variation  in  tha  Ba:Ti  ratio  af facta  tha 
grain  aiza  diatribution,  and  hence,  tha  oaaa  of 
dona in  avitching.  Thie  diraotly  affect*  tha 
presence  and  nagnituda  of  current  paaka.  The 
Ba:Ti  ratio  alao  af facta  the  activation  energy 
of  conduction,  roaiativity,  and  degradation 
bahavior,  all  of  vhioh  are  reflected  by  tha 
nagnituda  of  tha  TSPC/DC  currant  in  tha 
paraalactric  region. 

Introduction 

In  thermally-stimulated  procaaaoa,  a 
particular  property  of  a  notorial  ia  naaaured  aa 
a  function  of  tanparaturo,  uaually  fron  a  "low'' 
tonparatura  vhich  fraazaa  in  procaaaoa  of 


intaraat  Tha  ayeten  of  intarat  uaually  oxieta 
in  a  non-aqulibriun  atata  (i*  poled),  vhich  ia 
achieved  by  excitation  at  tha  lov  tonparatura  or 
during  cooling  Specifically,  TSC  naaauranonta 
involve  monitoring  tha  current  paaaing  through  a 
■atonal  subjected  to  a  DC  atroaa  during 
heating. 


TSPC/DC  neaaur amenta  have  bean  axtanaivoly 
uaad  for  studying  charge  tranaport  in  in 
inaulatora  1*“  Alkali  motion  and  dipolar 
relaxation  tiaea  in  glass**1,  vacancy  dipole 
raoriantation  in  halidaa2,  point  defect  energy 
levela  in  inaulatora3,  and  energy  levela  of 
trapping  and  recombination  cantara  in 
semiconductors4  have  all  bean  characterized  by 
TSPC/DC  taohniquaa.  Chan5  and  Braunlich*  provide 
oomplet*  raviava  of  peat  uaaa  of  TSC 
measurement* .  Tha  purpoae  of  thia  atudy  vaa  to 
detaraina  if  TSPC/DC  measurement*  vould  be 
uaaful  in  the  atudy  of  farroalaotrio  notarial* 


The  BaTiOj  povdera  utilized  in  this  atudy 

vara  prepared  by  an  organometallio  technique^ 
Disc  apacimona  vara  praaaod  and  subsequently 
sintered  in  air  at  various  tanperaturee  and 
times  in  order  to  precisely  control  tha 
mieroetrueture .  All  discs  vara  eleotroded  using 
an  unfrittad  platinum  pasta. 

The  apparatus  used  for  tha  TSPC/DC  and 
dielectric  measurements  ia  shown  in  Figure  1 
It  consists  of  an  atmosphere-controlled, 
stainless  atael  ohambar  which  houses  a  removable 
inner  core  assembly  Haating  tape  vrappad 
around  the  bottom  of  tha  tuba  and  connected  to  a 
Eurotherm  211  controller  allows  precise  control 
of  tha  heating  rata.  A  oomputar-oontrollad  HP 
4140  picoaoaatar/DC  voltage  source  was  used  for 
aurrant  monitoring  Current  sensitivity  for  tha 
system  was  10* 14  amps  Capacitance  and 
dissipation  factor  data  vera  collected  at  1  kHz 
using  a  General  Radio  1689  RLC  digibridga. 

Figure  2  illustrates  the  sequence  uaad  for 
the  TSC  measurements,  and  is  described  as 
follows . 

1  1st  Polarization:  After  a  vacuum  bake-out 

at  16S°C  and  cooling  to  -100°C,  a  voltage 
va*  appliad  to  the  specimen,  and  tha 
current  nonitored  during  heating  at  a 
constant  rat*  Monitored  temperature 
range  was  fron  -100  to  165°C  This 
current  spectra  is  danotsd  TSPC-1 

2  2nd  Polarization.  After  the  first  polari¬ 
zation,  the  specimen  va*  i  Mediately 
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quenched  to  -100°C  with  the  field  applied . 
The  new  poled  specimen  «u  than  heated  and 
tba  currant  aom cored  aa  m  TSPC-1.  Thia 
current  apactra  vaa  danotad  TSPC-2. 

3  Depolarization :  Following  TSPC-2,  tba 
specimen  vaa  quenched  to  -100°C  with  tba 
field  applied.  At  this  point  the  field  vaa 
removed,  and  tba  currant  monitored  during 
beating  aa  before.  Tbia  currant  apactra 
vaa  danotad  TSOC. 

Heating  rataa  varied  froa  2.0  to 
8  0°K/ainute,  and  applied  fialda  ranged  froa 
250-2000  V/ob. 
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Results  and  Discussion 


Tba  TSPC/DC  behavior  ia  plotted  aa  ♦  /-  log 
current  denaity  versua  teaperature.  Poaitive 
current  oorreaponda  to  reaiative  currrent,  ia: 
electron  flow  tovarda  the  anode.  Negative 
currant  correaponda  to  electron  flow  in  the 
oppoaite  direction,  indicative  of  tba  charging 
or  displacement  current  which  flove  during 
polarization  of  the  ferroelectric.  In  a  TSPC 
experiment  then,  the  total  current  flowing  at 
any  tine  ia: 


tyl)  *  jD<T>  •  J*(T) 


(1) 


wbara  Jj(T),  Jq(T),  and  Jp(T)  are  tba  total, 
diaplaoeaant ,  and  reaiative  current  denaitlea 
reapeotively .  During  a  TSDC  experiment,  no 
field  ia  applied  and  the  current  denaity 

beooaaa : 


d?s 

dT 

■ 

dt 

dT 

dt 

(2) 


where  dPj/dT  ia  the  change  in  apontaneoua 

polarization  with  teaperature  (the  pyroelectric 
coefficient),  and  dT/dt  ia  the  heating  rate. 
Froa  a  TSDC  aeaaureaent  the  apontaneoua 
polarization  ia  determined  froa: 


dT 


Ps  -  fw)  —  «** 

'  dt 


(3) 


Figures  3  and  4  contain  tba  dielectric  and 
TSPC/ DC  behavior  for  a  atoiebioaetrio  BaTiOj 

specimen  with  a  grain  size  of  10  microns  and  96* 
theoretical  density.  The  dielectric  constant 
exhibits  typical  behavior,  with  maxima  at  the 
three  phase  tranaitiona.  TSPC-1  initially 
exhibits  positive  current  in  the  rhombohedral 
region;  the  dipoles  are  "frozen- in"  and  unable 
to  align  vith  the  field.  As  the  specimen 
undergoes  a  phase  transition  to  orthorhombic 
symmetry  a  peak  is  observed,  the  magnitude  of 
vhioh  is  proportional  to  the  change  in 
spontaneous  polarization  end  the  degree  of 
poling  vhch  occurs  for  a  poling  field  of  1000 
V/ca.  A  transition  to  positive  current  occurs 
aa  the  raaisitive  component  of  the  current  again 
dominates,  with  a  siauliar  current  reversal  and 
peak  at  the  orthorhombic-tetragonal  phase 
transition. 


The  behavior  of  the  TSPC  curve  is  of 
particular  interest  at  the  Curie  temperature 
Specimen#  with  first  order  ferroelectne- 
paraeleetnc  transitions  exhibit  a  large 
negative  peak  aa  the  apontaneoua  polarization 
changes  discontinuous ly  to  zero  A  specimen 
undergoing  a  second  order  transition  does  not 
exhibit  a  peak,  aa  tha  BaTi-l  005  speciman  m 
Figure  5,  the  spontaneous  polarization  changes 
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Eigut  3:  Dielectric  constant  of  stoichiometric 
BaTiOj 


tl3HXI_i  TSPC/DC  spectra  of  stoichiometric 
BaTiOj 


Figure  5  Comparison  of  TSPC - 1  spaotra  for 
Ba  Ti  •  995  and  1  005 


continuously  to  zaro  Figure  6  surnames  this 
behavior 

The  magnitude  of  TSPC-1  m  the  paraelactrie 
region  is  proportional  to  the  resistivity  of  the 
material,  p(T),  vhioh  is  found  by  dividing  the 
applied  field  by  the  currant  density  The 
change  in  current  density  vith  temperature  is 
exponentially  proportional  to  the  activation 
energy  of  conduction,  vhich  can  be  calculated 
assuming  Arrhenius  behavior  The  activation 
energy  for  the  BaTiOj  specimen  of  Figure  4  is 

1.0  aV,  vhich  agrees  veil  vith  published  data. 
This  activation  energy  is  composed  of  both  the 
carrier  concentration  and  mobility  terms. 

The  TSPC-2  of  Figure  4  is  similiar  to  that 
of  TSPC-1,  but  reflects  the  fact  that  the 
specimen  is  already  in  a  poled  state  prior  to 
heating. 

The  TSDC  spectra  contained  in  Figures  4 , 7 
and  9  simply  reflect  the  pyroelectric  nature  of 
BaTiOy  Dividing  the  current  density  by  the 

heating  rate  yields  the  pyroelectric 
coefficient.  These  results  agree  sell  vith 
those  published  earlier  by  Peris  et.al^  for 
polyorystalline  BaTiO^  Figure  8  exhibits  the 

degree  of  poling  achieved  for  fields  from 
2S0-2000  V/ cm.  Increasing  the  poling  field  not 
only  inoreasee  the  discharge  current  during 
depolarization,  but  also  decreases  the 
temperature  at  vhich  the  orthorhombic- 
tetragonal  phase  transition  occurs  (Figure  9) 


Figure  10  contains  the  TSDC  spectra  of 
excess  barium  compositions  vhich  exhibit  DC 
electrical  degradation  at  500  V/ cm®.  Increasing 
the  amount  of  excess  barium  increases  the 
degradation  rate,  vhich  is  believed  to  be  due  to 
charged  oxygen  vacancy  migration.  The 
accumulation  of  oxygen  vacancies  at  the  cathode 
results  in  a  quasi-  space  charge  accumulation 
referred  to  as  an  anomalous  polarization  This 
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Figure  6  Sanation  of  the  spontaneous  polan 
ration  and  its  affect  on  TSPC  and 
inverso  susceptibility 
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Figure  3  TSDC  behavior  of  BaTi03  aa  a  function 
of  applied  poling  field. 
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Figure  10;  TSDC  behavior  of  exaeaa  barium 
compositions . 

effect  is  clearly  illustrated  in  Figure  10.  the 
pyroelectric  current  does  not  approach  zero  aa 
expected  in  the  paraelectnc  region.  Instead 
the  current  continuea  to  increase,  the  effect 
being  larger  in  those  specimens  more  prone  to 
degradation 

Conclusions 

TSPC /DC  measurements  are  useful  in 
characterizing  the  properties  of  ferroelectric 
gmterials.  Pyroelectric  coefficients  and  the 
spontaneous  polarization  are  easily  obtained 
from  tbd  TSDC  spectra,  while  the  TSPC  spectra 
are  useful  in  the  analysis  of  phase  transitions 
and  domain  switching  The  fairpose  of  this  paper 
vas  to  present  the  characteristic  results  one 
obtains  in  TSPC/ DC  measurements,  and  is  by  no 
means  complete  in  terms  of  quantitative 
analysis  A  full  treatment  of  ths  mathematical 
aspeots  and  background  may  be  found  eleevhere9 
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DIELECTRIC  AMD  ELECTRICAL  PROPERTIES  OF  BaTiOj  COMPOSITES  ' 
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Department  of  Ceramic  Engineering 
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ABSTRACT 

In  this  investigation  composites  of  unconsolidated  BaTiO^  powder 
(  99.97.  purity,  0.1  pm  crystallite  size  )  or  partially-sintered  BaTiO^ 

with  either  air  or  polymer  were  studied.  The  purpose  of  this  study  was  to 
measure  the  dielectric  and  electrical  properties  of  the  composites,  and  to 
determine  how  well  these  properties  fit  existing  theories  concerning  fine¬ 
grained  permittivity  and  dielectric  mixing  rules. 

INTRODUCTION 

1  2 

Recent  investigations  *  on  high-purity  BaTiO,  have  shown  that  partially- 
sintered  specimens  with  sub-micron  grain  size  and  nigh  porosity  showed  good 
resistance  to  dry  atmosphere  electrical  degradation.  However,  porous  spec¬ 
imens  exhibit  low  dielectric  constants,  low  breakdown  strengths,  and  high 
water  permeability.  It  is  expected  that  filling  the  porosity  with  a  polymer 
would  improve  the  breakdown  strength  and  water  impermeability.  The  purpose 
of  this  investigation  was  to  measure  the  dielectric  and  electrical  properties 
of  composites  made  from  BaTiO^  and  either  polymer  or  air,  and  to  determine 
how  well  these  properties  fit  existing  theories  concerning  fine-grained 
permittivity  and  dielectric  mixing  rules. 

Numerous  rules  appear  in  the  literature  which  predict  the  dielectric 
constant  of  mixtures  depending  upon  the  relative  volumes  and  permittivities 
of  the  constituents,  as  well  as  their  shape  and  continuity.  Articles  by 
Reynolds  and  Hough  ,  Meredith  and  Tobias^,  and  Van  Beek^  review  the  applica¬ 
tion  and  validity  of  most  of  these  rules. 

Niesel-Bruggeman^  found  composites  to  obeys 

Kc  -  H  ((2Ep  -  Ep)  +  ( (Ep  -  2Ep)2  +  (1) 

where s  Kc  “  composite  dielectric  constant  E  ■  VjKj  +  V2K2 

»  dielectric  constant  of  phase  1  P 

Kj  ■  dielectric  constant  of  phase  2  E'  ■  7- 

V ^  ■  volume  fraction  of  phase  1  ” 

V*  “  volume  fraction  of  phase  2 
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Bottcher 'adequation  has  been  found  to  apply  to  non-dllute  systems  and 
la  given  byi 


K  -  K. 
c  1 


2  2KC 
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Theae  particular  mixing  rulea  are  of  lntereat  due  to  their  applicability 
to  the  current  experimental  data. 

Partlally-aintered  BaTiO^  and  unaintered  BaTlO^  powder  exhibit  unuaual 
dielectric  propertlea  believed  to  be  due  to  a  aurface  layer  effect.  Anliker 
et  al.®,  while  atudylng  depolarization  effecta  in  very  fine  particle  size 
BaTlOj,  obaerved  a  broad  Curie  tranaition  which  they  attributed  to  a  100A 
thick  tetragonal  aurface  layer  which  peralated  well  above  the  Curie  tempera- 
ture.  Both  Chvnoweth's®  obaervation  of  assymetric  pyroelectric  effecta  and 
Triebwasaer's*0  obaervation  of  birefringence  of  BaTiO.  single  crystal  surf- 
acea  have  been  explained  by  apace  charge  layera.  Numerous  studies11” 17  of 
the  switching  time  and  dielectric  constant  of  aingle  crystals  as  a  function 
of  thickness  indicate  a  nonferroelectric  aurface  exists.  English1  ,  using 
electron --mirror  microscopy,  found  the  aurface  of  BaTlO.  to  be  ferroelectric. 
Goswaml19  explained  the  absence  of  ferroelectric  behavior  In  unaintered 
BaTiO^  by  a  nonferroelectric  aurface  layer.  Thus  there  appears  to  be  agree¬ 
ment  concerning  the  existence  of  a  aurface  layer,  but  its  exact  nature  is  not 
clearly  understood. 


Based  solely  on  the  existence  of  a  low  dielectric  constant  surface  layer 
one  would  expect  decreasing  the  grain  size  of  polycrystalline  BaTiO^  would 
decrease  the  overall  dielectric  constant.  However  it  is  well  known  that  a 
high  dielectric  constant  can  be  obtained  for  sintered,  dense,  approximately 
Igm  grain  size  BaTil^.  Numerous  studies20"23  have  shown  room  temperature 
permittivities  can  range  from  approximately  3500  -  6000.  For  single  crystal 
BaTiO^  the  room  temperature  permittivities  are  6000  and  170  along  the  a  and  c 
axes  respectively.  Buessem  et  al.24  have  proposed  that  the  high  permittivity 
in  fine-grained  BaTiO^  arises  from  the  absence  of  90°  twinning  which  gives 
rise  to  high  internal  stresses.  This  pertains  only  to  sintered,  polycrystal¬ 
line  specimens  in  which  grains  are  constrained  by  the  surrounding  matrix. 
Goswami1  has  shown  chat  unsintered  powder  of  comparable  density  to  sintered 
specimens  does  not  show  the  anomalously  high  permittivity.  Goswami19'  5  also 
observed  that  progressive  heat  treatment  of  BaTiO^  results  in  a  gradual  in¬ 
crease  in  permittivity  and  appearance  of  ferroelectrcity .  He  ascribed  this 
to  the  annealing  out  of  lattice  defects  which  removed  the  influence  of  a  low 
dielectric  constant,  nonferroelectric  surface. 


•.v. 


It  is  not  clear  from  the  literature  if  sub-micron  grain  size  BaTiO.  can 
exhibit  a  similiar  high  permittivity  at  room  temperature.  Graham  et  al.  6 
observed  hot-pressed,  sub-micron  grain  size  BaTiO^  exhibited  a  dielectric 
constant  of  3000,  but  were  unsuccessful  in  sintering  specimens  with  sub-mi¬ 
cron  grain  sizes.  One  of  the  goals  of  the  present  work  is  to  partially-sin- 
ter  high  purity  (  >  99. 91  ),  fine-grsined  (  <  O.lum  )  BaTiO^  to  study  the 
dielectric  properties  of  sub-micron  BaTiO^. 

EXPERIMENTAL  PROCEDURE 

BaTlOo  powders  utllizsd  in  this  study  were  prepared  by  an  organometalllc 
technique  first  described  by  Pechini2  ,  Resulting  powders  are  chemically 
homogeneous,  uniformly-sized,  and  approximately  O.lum  In  diameter.  X-ray 
powder  diffraction  patterns  showed  line-broadening  effects  but  revealed  the 
powder  to  have  tetragonal  symmetry. 

Specimens  for  measurement  on  unaintered  BaTlO^  compacts  were  pressed  in 


a  %  Inch  diameter  etalnleee  eteel  die  et  various  pressures  up  to  75000  psi 
without  the  addition  of  a  binder.  Those  specimens  used  for  the  sintering 
study  were  pressed  et  50000  pel  with  the  addition  of  8  weight  %  binder. 

Creen  densities  were  approximately  621  theoretical. 

Porous  specimens  were  prepared  by  partial-sintering  at  temperatures  from 
500  -  1000°C,  for  times  of  1  -  4  hours  in  a  SIC  muffle  tube  furnaca.  Typical 
denalty  and  ahrinkage  curves  are  contained  in  Figures  1  and  2.  Figures  3a-b 
contain  the  corresponding  SEM  micrographs.  The  process  of  preparing  polymer 
composites  from  these  specimens  la  as  follows »  1)  Disks  are  initially  dried 
for  24  hours  under  vacuum  at  200°C  to  minimize  water  vapor.  2)  After  cooling, 
disks  are  then  imnersed  In  a  styrene  monomer- initiator  (0.1  weight  X  AIBN  ) 
solution  under  vacuum.  3)  Initial  polymerization  is  then  accomplished  by 
slowly  raising  the  temperature  from  30-60°C  over  a  period  of  120  hours. 

4)  The  polymerization  is  completed  by  annealing  the  disks  at  60°C  for  48 
hours  under  atmospheric  pressure. 


Sintering  Temperature  (*C) 


Fig.  1.  Theoretical  density  of  specimens  sintered 
at  various  temperatures  and  times.- 


Fig.  2.  Shrinkage  of  specimens  sintered  at  various 
temperatures  and  times. 
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Fig.  3b.  Scanning  electron  micrograph*  of  BaTlOj  a pec linen •  partially-sinter¬ 
ed  at  900  and  1000°C. 


The  filling  efficiency  of  Che  polymer  Into  Che  open  poroslcy  wee  deter¬ 
mined  by  scanning  electron  microscopy  and  density  measurements  using! 

Pc  "  P.V.  PbVb  (3) 

vherei  ■  composite  density 

pm,  pb  “  BaTiO^,  polymer  density 

V#*  Vb  “  BaTiOj,  polymer  volume  fraction 

For  all  of  the  specimens  studied  the  polymer  filled  greater  than  95  per¬ 
cent  of  the  total  open  porosity. 

Thin  films  of  polymer  with  up  to  32  volume  percent  BaTiO^  filler  were 
prepared  by  dispersing  unsintered  BaTlO^  powder  into  a  liquid  formed  by  dis¬ 
solving  polystyrene  in  dioxane.  The  mixture  was  cast  onto  a  glass  plate,  the 
solvent  allowed  go  partially  evaporate  from  20  -  60  C,  and  then  the  film  was 
heat-cured  at  60  C  under  vacuum.  Films  from  this  simple  process  are  approx¬ 
imately  0.010  inches  thick. 

Air-drying  silver  paint  was  used  as  the  electrode  material  for  all  the 
specimens.  Capacitance  and  dissipation  factor  were  measured  up  to  100  kHz  as 
a  function  of  temperature  using  a  computer-controlled  Ceneral  Radio  1689  RLC 
bridge.  Resistivity  measurements  were  made  using  a  Hewlett  Packard  4140 
pA/DC  voltage  source.  These  measurments  were  made  in  a  dry  atmosphere.  DC 
breakdown  strengths  were  measured  in  silicon  oil  at  room  temperature. 

RESULTS  AND  DISCUSSION 

The  1  kHz  dielectric  constant  of  a  170°C,  vacuum-annealed,  unsintered 
BaTiO^  compact  (  =  607.  dense  )  is  shown  in  Figure  4  as  a  function  of  temper¬ 
ature.  The  dissipation  factor  is  not  shown  but  is  less  than  27.  over  the 
temperature  range  measured.  These  results  agree  with  those  of  Goswami1  as 
far  as  the  magnitude  of  the  dielectric  constant  and  nonferroelectric  behavior 
are  concerned.  The  low  dielectric  constant  can  be  explained  by  the  existence 
of  a  nonfer roe lc trie  surface  layer11"17 » 19 .  Chynoweth9  categorized  the  pro¬ 
posed  surface  layers  into  two  main  groups:  1)  Space  charge  or  exhaustion 
layers  in  the  range  of  0.1  urn  thick,  which  are  generally  ferroelectric,  and 
2)  Chemically  or  mechanically  disturbed  layers  composed  of  a  lossy,  low 
dielectric  constant,  nonferroelectric  material  in  the  range  of  10  A  thick. 


TEMPERATURE  (  K) 

Fig.  4.  Dielectric  constant  vs.  temperature  for 
an  unsintered  BaTiO^  specimen. 


The  effect  of  increasing  heat  treatment  on  the  dielectric  constant 
is  shown  in  Figures  5-7.  The  increase  in  dielectric  constant  la  related  to 
the  degree  of  grain  growth  and  sintering.  Crain  else  vs.  sintering  temper¬ 
ature  la  shown  In  Figure  8;  little  grain  growth  occurs  for  temperatures  leas 
than  900°C.  These  results  show  that  0.1  pm  grains  do  display  broad  transi¬ 
tions  at  the  Curie  point  of  120°C  and  as  the  grain  sice  approaches  1  vim  the 
peak  becomes  sharper.  As  can  be  seen  in  Figure  9,  in  the  region  of  constant 
grain  size  the  dielectric  constant  increases  with  the  percent  shrinkage. 

Thus  it  appears  that  fine-grained  behavior  is  strictly  a  function  of  the 
sintering  conditions  and  the  degree  of  shrinkage. 

24 

In  a  previous  report  of  Buessem  et  al.  it  was  proposed  that  the  high 
dielectric  constant  of  1-3  pm  BaTiO^  is  due  to  the  absence  of  90°  twinning 
which  gives  rise  to  internal  stress  below  the  Curie  temperature.  Figure  9 
is  nearly  identical  in  form  to  the  permittivity  vs.  stress  curve  derived  for 
fine-grained  BaTiO^  by  Buessem.  Due  to  the  striking  similarity  this  sug¬ 
gests  that  internal  stress  in  a  compact  is  proportional  to  the  shrinkage 
(  iei  the  degree  of  intergranular  contact  ),  and  that  the  enhancement  of 
the  dielectric  constant  with  Increasing  shrinkage  may  be  understood  in  these 
terms.  It  appears  that  internal  stress  increases  as  shrinkage  increases 
from  1  -  1.7%. 

When  applying  mixing  rule  theories  to  BaTiOj  composites  with  either  air 
or  polymer  it  is  important  to  distinguish  between  unsintered  and  sintered 
results.  Figure  10  is  a  plot  of  log  K  vs.  volume  fraction  air/polymer  for 
the  BaTiO^  specimens  studied.  Application  of  either  the  Niesel-Bruggeman 
or  Bottcher  mixing  rules,  both  of  which  fit  the  data,  results  in  zero  poro¬ 
sity  dielectric  constants  of  500  and  5000  for  unsintered  and  sintered 
BaTiOj  respectively.  These  results  indicate  that  microstructures  with 
less  than  1  wm  grains  can  produce  enhanced  dielectric  constants. 


Fig  5.  Dielectric  constant  vs.  temperature  for  BaTiO^  specimens  sintered 
for  1  hour  at  various  temperatures. 
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Fig.  11.  Dielectric  constant  vs.  temperature  for  BaTiO^  specimens  sintered 
at  900°C  for  24  hours,  with  and  without  polymer. 


As  can  be  seen  in  Figure  11,  addition  of  a  polymer  to  porous  BaTiOj 
enhances  the  dielectric  constant  and  further  develops  the  peak  at  the  Curie 
point.  It  appears  the  polymer  phase  increases  the  internal  stress  by  inter¬ 
granular  coupling.  The  restoration  of  ferroelectricity  due  to  the  polymer 
phase  implies  the  previously-proposed  nonferroelectrlc  surface  layer  is  not 
due  to  a  high  concentration  of  lattice  defects. 

Breakdown  strength  measurements  were  made  on  specimens  which  were 
vacuum-dried  at  125°C.  DC  breakdown  strengths  for  BaTiO^-air  composites 
averaged  approximately  90  kV/cm,  and  BaTiOj-polymer  composites  averaged 
175  kV/cm.  This  effect  can  be  explained  by  the  high  resistivity  of  the 
polymer  phase,  and  the  elimination  of  BaTiOj  -  air  interfaces.  In  low 
density  BaTiO-  the  "weak  spots"  are  intergranular  pores,  which  are  assumed 
to  be  the  origin  of  the  dielectric  breakdown.  These  potential  breakdown 
sources  are  eliminated  by  the  polymer  phase,  resulting  in  an  improved 
breakdown  strength.  The  high-resistivity  polymer  phase  also  inhibits 
electron  avalanche. 

The  resistivity  measurements  made  on  the  composite  specimens  showed 
the  addition  of  a  polymer  did  not  effect  the  resistivity.  Room  temperature 
resistivities  were  approximately  10*^  ohm -cm,  and  101  ohm- cm  at  85°C. 

s 

Hot  shown  figuratively,  but  the  present  study  has  also  found  the  addi¬ 
tion  of  a  polymer  to  porous  BaTiO^  eliminates  the  detrimental  affect  of 
water  vapor  on  the  dielectric  properties.  Porous  specimens  exhibit  a 
non-linear  dielectric  constant  and  dissipation  factor  In  the  presence  of  a 
humid  atmosphere,  while  polymer-impregnated  specimens  do  not. 


SUMMAkY 


1)  BaTiO.  wit))  grain  size  Iras  than  1.0  ym  can  produce  enhanced  dielectric 
constant  e . 

2)  The  Increase  in  dielectric  onatant  with  Increasing  shrinkage  is  due  to 
the  Increase  in  Internal  stress  associated  with  Increasing  intergranular 
contact . 

3)  Composite  dielectric  constants  of  compacts  made  from  unslntered  powder 
agree  well  with  either  the  Niesel-Bruggeman  or  Bottcher  mixing  rules; 
the  zero-porosity  dielectric  constant  extrapolates  to  approximately  500. 

4)  Composite  dielectric  constants  of  partially-sintered  (  shrinkage  <  51, 

no  grain  growth  )  compacts  also  agree  with  the  Niesel-Bruggeman  and  Bott¬ 
cher  mixing  rules;  the  zero-porosity  dielectric  constant  extrapolates  to 
approximately  5000. 

5)  Polymer-BaTiO^  composites  exhibit  higher  dielectric  onstants,  lower  di6si 
pation  factors,  higher  breakdown  strengths,  and  impermeability  to  water 
as  compared  to  porous  BaTiO^. 
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AN  INVESTIGATION  OF  THE  LOW  VOLTAGE  FAILURE  MECHANISM 


IN  MULTILAYER  CERAMIC  CAPACITORS 

C.  John  Brannon  and  H.  U.  Anderson 


Abstract 

Enhanced  leakage  current  was  Induced  Into  multilayer 
ceramic  capacitors  by  the  Introduction  of  micro-cracks 
reaching  from  the  surface  through  the  electrode  layers  by 
means  of  thermal  shock  and  then  exposing  the  capacitors  to  a 
low  voltage  bias  and  a  humid  atmosphere.  Results  Indicated 
that  a  simple  electrolytic  solution  mechanism  mv  be 
responsible  for  the  Increased  conduction  and  that  the 
proposed  dendritic  growth  mechanisms  may  be  more  complex  than 


necessary. 


Introduction 


In  recent  years  a  problem  has  been  Identified  which 
concerns  the  insulation  resistance  failure  of  ceramic 
capacitors  which  are  biased  well  below  their  rated  voltages. 
This  is  a  significant  problem,  and  a  research  effort  has 
focused  on  determining  the  cause  of  low  voltage  failures  as 
well  as  developing  a  testing  procedure  to  effectively  detect 
those  capacitors  that  might  be  prone  to  low  voltage  failures. 
It  is  a  generally  recognized  among  observers  of  low  voltage 
failure  that  failure  tends  to  occur  only  in  the  presence  of 
moisture  and  most  often  in  capacitors  having  such  structural 
defects  as  voids,  delaminations,  or  cracks  extending  from  the 
surface  through  the  electrode  layers.  Low  voltage  failure 
does  not  seem  to  occur  as  often  in  capacitors  that  are  well 
encapsulated.  Another  typical  characteristic  of  capacitors 
exhibiting  low  voltage  failure  is  the  tendency  for  them  to 
recover,  or  regain  their  former  high  insulation  resistance, 
when  the  bias  is  increased  to  the  rated  operating  level. 

The  dominant  theory  of  low  voltage  failure  in  ceramic 
capacitors  involves  the  growth  of  a  dendrite  of  electrode 
material  that  connects  two  electrode  layers  and  thus  produces 
a  conduction  path  creating  a  short  in  the  capacitor. 

According  to  this  theory,  the  electrode  material  is  dissolved 
in  the  water  that  condenses  in  the  present  defects  which 
allows  the  dendrite  to  grow  along  the  defect  connecting  two 
electrode  layers. ^  The  conducting  dendrite  grows  either  by 
electroconduction  or  by  precipitation.  This  kind  of  low 
voltage  failure  may  be  cleared  by  the  application  of  a 


voltage  high  enough  to  vaporize  the  dendrite.  The  dendrite 
may  also  be  destroyed  by  sufficient  mechanical  vibrations  or 
thermal  energies. 

Another  proposed  mechanism  of  low  voltage  failure  has  to 
do  with  the  aggravated  ’aging'  of  a  portion  of  the  dielectric 
separating  the  electrodes.  Here,  crystal -phase 
transformations  occur  In  the  dielectric,  causing  It  to 
degrade  and  Increase  In  conductivl ty.7  Again,  the  application 
of  a  high  voltage  can  clear  the  capacitor.  In  this  case  the 
high  voltage  produces  a  heating  effect  allowing  the  crystal - 
phases  to  retransform  to  their  original  states.  This  1  deaging ' 

effect  can  also  be  accomplished  by  heating  the  sample. 
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Other  studies  have  cited  a  degraded  portion  of  the 
dielectric  as  the  culprit  In  failure,  with  the  degradation 
having  possibly  been  caused  by  the  absorption  of  water  Into 
the  dielectric  as  protons  or  hydroxyl  ions,  or  possibly  by 
the  migration  of  oxygen  vacancies.  These  failures,  however, 
cannot  be  cleared  by  the  application  of  a  high  voltage, 
nor  are  they  exclusively  low  voltage  failures.  Failures 
associated  with  degraded  dielectric  layers  also  tend  to  fall 
gradually,  whereas  low-voltage  failures  typically  exhibit  an 
abrupt  failure.  Also,  dlelelctrlc  layer  deterioration  can  be 
reversed  by  either  simply  removing  the  applied  field  or  by 
raising  the  temperature  of  the  capacitor  a  few  hundred 
degrees.  This  suggests  a  different  mechanism  at  work  In  low- 
voltage  failure  than  In  dielectric  layer  degradation. 


4 


Screening  Tests 


Assuming  that  low  voltage  failures  tend  to  be  related  to 


the  presence  of  water  and  structural  defects,  several  tests 


have  been  developed  to  detect  capacitors  that  might  be  prone 
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to  low  voltage  failure.  Some  methods  developed  to 


detect  the  presence  of  structural  Imperfections  Include 
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ultrasonic  scanning,  accoustlc  emission,  vapor 


8  5-6 

condensation,  and  methanol  testing.  The  methanol  test  is 


especially  useful  since  It  detects  cracks  that  extend  from 


the  surface  through  the  electrode  layers. 


The  other  method  of  screening  commonly  used  Involves 


extended  life  testing.  The  most  commonly  used  life  test  Is 


the  MIL-C-123  test,  also  known  as  the  85°C/85%  RH/1.5  VDC 
test,  or  85/85  test  for  short.3"7,9”12  This  test  has  seen 


extensive  usage,  and  appears  capable  of  detecting  lots  with 


failure  prone  capacitors.  There  Is  no  real  convention. 


however,  on  the  length  of  this  test. 


Experimental  Procedure 


(1)  Initial  Examination  of  Capacitors 


The  capacitors  used  In  this  study  were  produced  by 


Presidio  Components,  Inc.,  San  Diego,  California.  All 


capacitors  were  composed  of  a  BaT103  X7R  formulation,  with 
electrodes  of  100%  palladium  and  end  terminations  of 


gold/frit.  The  electrode  layers  were  burled  approximately  3 


mils  beneath  the  surface  and  were  separated  by  a  dielectric 


layers  1.125  mils  thick.  A  cross-sectional  view  of  the 


capacitor  structure  Is  shown  as  Figure  1. 
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(2)  Initial  Examination  of  Capacitors 

To  Insure  their  Integrity,  the  entire  lot,  128  units, 
was  subjected  to  the  methanol  test.  The  methanol  test  was 
performed  as  follows: 

1.  10  YDC  was  applied  to  the  capacitor  and  after  15 
seconds  the  leakage  current  (1^)  was  measured. 

2.  The  capacitor  was  then  Immersed  In  methanol  for  30 
minutes  allowing  the  methanol  to  penetrate  Into 
cracks  and  open  porosity. 

3.  The  capacitor  was  removed  from  the  methanol  and 
allowed  to  dry  on  a  tissue  to  minimize  the  residual 
methanol  left  on  the  surface. 

4.  Step  1  was  repeated  Immediately  after  drying  and 
(I2)  was  measured. 

A  capacitor  was  considered  to  fall  the  methanol  test  If  I2 
was  an  order  of  magnitude  greater  than  Ij.  Only  1  capacitor 
failed  the  methanol  test  at  this  time,  and  was  excluded  from 
the  rest  of  the  study. 

(3)  Introduction  of  Structural  Defects 

Structural  defects  In  the  form  of  cracks  were  Introduced 
Into  the  capacitors.  After  some  unsucessful  attempts  using 
an  Indentation  method,  thermal  shocking  was  used  for  of  crack 
Introduction.  Trial  and  error  experimentation  revealed  that 
a  temperature  gradient  of  approximately  770  K  would  Introduce 
cracks  extending  from  the  surface  of  the  capacitor  through 
the  electrode  layers  without  otherwise  damaging  the 
properties  of  the  capacitor.  This  gradient  was  achieved  by 


allowing  the  capacitors  to  equilibrate  at  850  K  ( 57 5°C )  and 
then  Immediately  quenching  them  In  liquid  nitrogen  at  77  K 
(-196°C).  This  process  produced  surface  effects,  such  as 
crazing,  In  addition  to  several  deep  cracks  per  capacitor,  as 
Illustrated  In  Figure  2. 

A  total  of  42  specimens  were  prepared  In  this  way.  In 
order  to  Insure  that  cracks  were  Indeed  Introduced  Into  the 
specimen  by  the  thermal  shocking  treatment,  each  speclmln  was 
once  again  subjected  to  the  methanol  test. 

(4)  Variation  of  Bias  Voltage 

The  capacitors  were  subjected  to  a  variation  of  the 
standard  85/85  test  In  which  the  atmosphere  was  allowed  to  be 
either  dry  or  to  contain  85t  RH,  usually  In  a  4  hours  dry ,4 
hours  wet,  and  4  hours  dry  pattern.  Several  tests  were  made 
with  voltages  set  at  0.5,  1.0,  1.5,  2.0,  5.0,  10.0,  20.0,  and 
70.0  VDC,  producing  fields  ranging  from  0.5  to  70.0 
vol ts/cm. 

The  purpose  of  this  series  of  tests  was  to  examine  the 
influence  of  voltage  on  failure.  In  order  to  produce  a  data 
base  which  could  be  used  for  comparison  with  previous  work,  a 
number  of  trials  were  made  using  the  standard  bias  of  1.5 
VDC. 

Figure  3  shows  a  schematic  circuit  diagram  for  the 
low  voltage  capacitor  measurement  system.  The  test  apparatus 
used  In  this  portion  of  the  experiment  consisted  of  a 
Kelthley  246  High  Voltage  Power  Supply,  a  Kelthley  619 
Electrometer/Voltmeter,  a  Hewlett  Packard  85  computer,  and  a 


furnace  In  which  the  atmosphere  contained  either  dry  air  or 
air  with  851  RH.  The  electrometer  could  accomodate  2 
specimens  at  a  time,  which  allowed  a  test  sample  to  be 
compared  to  a  standard  uncracked  specimen  for  each  trial. 

The  entire  furnace  apparatus  was  covered  by  a  Faraday  cage  as 
a  "noise"  screen. 

(5)  Variation  In  Temperature 

The  capacitors  were  once  again  subjected  to  a  variation 
of  the  standard  85/85  test.  This  series  of  tests  was  made 
using  the  standard  85/85  test  parameters,  with  the  only 
exception  being  that  the  temperature  was  varied  from  85°C  to 
115°C.  The  tests  were  made  with  the  Initial  atmosphere  being 
dry  for  the  first  4  hours,  and  then  the  atmosphere  was 
adjusted  to  the  85%  RH  level,  which  remained  for  the  rest  of 
the  test.  After  4  hours  with  the  atmosphere  at  85%  RH,  the 
temperature  was  raised  to  115°C.  During  this  test  the 
voltage  level  was  held  constant  at  1.5  VDC. 

(6)  Extended  Life  Testing 

The  standard  85/85  test,  with  1.5  VDC  bias,  was  applied 
to  20  capacitors  over  a  period  of  20  days.  Of  these,  15  were 
thermally  cracked  samples  and  5  were  controls.  The 
atmosphere  was  dry  on  the  first  and  last  days  of  the  run,  and 
was  maintained  at  85%  RH  for  the  remainder  of  the  test. 

The  apparatus  used  for  the  extended  life  test  consisted 
of  a  system  of  9  seperate  furnaces, In  each  of  which  the 
temperature,  atmosphere,  or  voltage  could  be  controlled.  A 


schematic  of  this  system  Is  given  as  Figure  4.  The  system 
was  monitored  by  a  Hewlett  Packard  HP3054  Data  Logger,  which 
Is  essentially  a  100  channel  autoranging  voltmeter  with 
temperature  measuring  capabilities.  The  capacitors  were 
mounted  on  circuit  boards  which  plugged  Into  connectors  which 
were  sealed  Into  the  faces  of  the  furnaces. 

(7)  Sectioning  Studies 

Capacitors  found  to  exhibit  low  voltage  failure  were 
used  In  this  part  of  the  study.  These  capacitors  were 
mounted  In  plastic  and  were  abraided  with  500  grit  abrasive 
paper  until  the  cracks  were  exposed.  The  mounted  capacitors 
were  then  polished  with  1  micrometer  particle  size  diamond 
paste.  The  sectioned  capacitors  were  then  examined  and 
photographed  using  optical  and  scanning  electron  microscopy. 
The  energy  dispersive  X-ray  spectrometer  of  the  SEM  was  used 
to  make  both  a  qualitative  and  semi -quantitative  examination 
of  the  crack  area  In  an  attempt  to  detect  electrode  material 
and/or  other  contaminants. 

Resul ts 

(1)  Pattern  of  Low  Voltage  Failure 

In  almost  all  cases  In  which  low  voltage  failure 
occurred,  a  "sawtooth"  pattern  of  failure  was  observed.  With 
a  dry  atmosphere,  current  density  would  typically  hold  steady 
at  approximately  10”11  amps/cm.2  When  85%  RH  atmosphere  was 
Introduced,  the  leakage  current  would  typically  smoothly  rise 
about  2  orders  of  magnitude  and  begin  to  level  off  at  a 


current  "plateau”  .  The  leakage  current  would  then  abruptly 
jump  anywhere  from  1  to  6  orders  of  magnitude  and  then 
smoothly  decrease  to  the  "plateau"  level.  The  current  level 
would  then  abruptly  jump  again,  thus  repeating  the  cycle 
until  the  moisture  was  removed  from  the  atmosphere.  The 
period  of  this  cycle  was  usually  seen  to  be  between  20  and  45 
minutes.  Figure  5  shows  the  leakage  current  In  both  a  shocked 
and  an  unshocked  specimen  with  a  1.5  VOC  applied  bias  In  a 
dry  atmosphere.  As  can  be  seen,  the  current  In  the  cracked 
specimen  was  only  slightly  higher  than  that  In  the  uncracked 
specimen.  Figures  6,  7,  8,  and  9  show  the  effects  of 
humidity  on  the  specimens.  The  effects  of  the  moisture  can  be 
observed  in  Figure  6,  In  which  the  current  level  In  the 
cracked  specimen  abruptly  Increases  3  orders  of  magnitude 
when  moisture  was  Introduced  Into  the  atmosphere  with  the 
"sawtooth"  pattern  being  Initiated,  while  the  current  level 
In  the  uncracked  specimen  remained  essentially  unchanged. 
Figure  7  Illustrates  the  "sawtooth"  behavior  of  a  cracked 
specimen,  with  the  current  level  rising  over  6  orders  of 
magnitude  at  the  peak.  Figures  8  and  9  Illustrate  the  extent 
of  the  effect  of  the  humid  atmosphere  on  low  voltage 
breakdown.  In  both  of  these  figures  periodic  breakdown  was 
seen  to  begin  to  occur  Immediately  after  moisture  was 
Introduced  Into  the  furnace  atmosphere.  When  the  moisture 
was  removed  from  the  atmosphere,  periodic  breakdown  was 
discontinued  and  the  leakage  current  quickly  returned  to  Its 
orl gl nal  1 evel . 


(2)  Variations  In  Voltage  Bias 

Low  voltage  failure  was  found  to  be  dependent  upon  the 
voltage  level  on  the  capacitor.  Figure  10  Illustrates  the 
behavior  of  the  specimen  when  a  bias  of  0.5  volts  was 
Introduced.  No  difference  was  observed  between  the  leakage 
current  of  the  cracked  and  the  reference,  uncracked  specimen 
with  changes  In  moisture.  However,  as  can  be  seen  In  figure 
11,  at  a  bias  of  1.0  volts,  when  moisture  was  Introduced  the 
same  specimen  exhibited  failure  with  the  same  "sawtooth" 
behavior  as  previously  observed.  This  low  voltage  failure 
pattern  was  also  seen  at  biases  of  1.5  and  2.0  volts  In 
figures  12  and  13,  respectively.  Figures  14,  15,  and  16  show 
that  at  biases  of  5.0,  10.0,  and  20.0  volts  the  "sawtooth” 
failure  pattern  also  occurred  ,  but  here  It  can  be  seen  that 
as  the  voltage  level  was  Increased,  the  period  of  the  pattern 
lengthens  and  the  difference  In  current  magnitude  between  the 
reference  and  cracked  capacitors  decreased.  When  a  bias  of 
70  volts  was  applied  across  the  capacitors,  a  single  spike 
was  seen  to  occur  when  the  moisture  was  first  Introduced 
after  which  the  leakage  current  steadily  decreased  until  It 
almost  matched  that  of  the  reference  capacitor.  This  effect 
Is  seen  In  figure  17. 

(3)  Extended  Life  Testing 

Of  the  15  cracked  samples  tested,  10  showed  the 
characteristic  "sawtooth"  pattern  In  the  presence  of  a  humid 
atmosphere.  The  remaining  5  showed  marked  Increases  In  the 
leakage  current,  but  showed  no  dlscernable  pattern  to  their 


low  voltage  failures.  The  5  reference  units  showed  no  change 
In  the  presence  of  a  humid  atmosphere.  When  the  humidity  was 
removed  from  the  atmosphere,  all  15  falling  samples  showed  a 
slow  decrease  of  the  leakage  currents  until  they  matched  the 
reference  capacitors.  Graphs  typical  of  the  life  tests  can 
be  seen  In  figures  18-21.  Figure  18  and  19  show  the  abrupt 
jump  In  leakage  current  when  85%  RH  was  suddenly  added  to  the 
atmosphere.  The  resulting  leakage  currents  were  cyclic, 
exhibiting  the  characteristic  "sawtooth"  pattern.  Figures  20 
and  21  show  the  leakage  current  over  a  14  hour  period  during 
the  10th  day  of  the  life  test.  The  specimens  had  been 
exposed  to  the  humid  atmosphere  for  9  days  and  continued  to 
exhibit  the  "sawtooth"  leakage  pattern.  The  pattern  shown  In 
figure  21  shows  a  breakdown  pattern  that  is  more  regular  and 
defined  than  the  usual  "sawtooth"  associated  with  the 
low- voltage  failures  seen  In  this  study.  This  suggests  that 
low-voltage  failure  actually  becomes  more  pronounced  with 
time,  instead  of  eventually  "clearing"  Itself. 

(4)  Thermal  Studies 

The  results  of  the  thermal  variation  studies  are  seen  In 
figure  22.  In  this  series  of  tests  the  temperature  was 
manipulated  as  the  Independent  variable,  achieving  almost 
identical  results.  The  leakage  current  was  low  In  the  dry 
85°C  atmosphere,  and  Increased  dramatically  when  the  humidity 
was  raised.  When,  with  the  humidity  still  at  85%,  the 
temperature  was  raised  to  115°C,  the  leakage  current  returned 
to  It  original,  lower  level  and  the  "sawtooth"  pattern  could 


no  longer  be  observed.  This  supports  the  Idea  that  water 
which  condenses  Into  the  cracks  In  the  capacitor  plays  the 
dominant  role  In  low- voltage  breakdown. 

(5)  Sectioning  Studies 

Optical  microscopy  showed  visible  cracks  extending 
from  the  surface  of  the  capacitors  through  the  electrode 
layers.  Sections  were  made  parallel  and  perpendicular  to  the 
electrodes  to  give  views  of  the  cracks  from  several  different 
prespectlves.  Figures  23  and  24  show  photomicrographs  of 
exposed  cracks  In  two  specimens.  Figure  23  shows  a  section 
taken  parallel  to  the  electrode  layers  with  the  crack 
penetrating  both  partially  exposed  electrode  layers.  Figure 
24  shows  two  cracks  penetrating  the  electrode  layers  In  a 
section  taken  perpendicular  to  the  electrode  layers.  Cracks 
located  optically  were  then  examined  with  the  SEM  energy 
dispersion  X-ray  spectrometer  for  detailed  study.  Figure  25 
was  taken  with  the  SEM  and  shows  a  close-up  view  of  one  of 
the  cracks  seen  In  Figure  24.  No  difference  was  found 
between  the  composition  of  the  crack  walls  and  the  base 
dielectric  material  In  only  one  sample  was  an  excess  of  the 
Pd  electrode  material  found  In  the  region  of  the  crack,  but 
the  Pd  was  also  found  to  be  present  at  the  same  high  levels 
throughout  the  rest  of  the  dielectric.  No  traces  of 
dendrites  were  found  either  optically,  with  the  SEM,  or  with 
the  energy  dispersion  X-ray  spectrometer. 

Energy  dispersion  X-ray  spectrometry  was  also  used  In  an 
attempt  to  find  any  possibly  contaminants  In  the  region  of 


the  crack.  The  only  contaminants  found  were  traces  of  Nb  In 
one  sample.  Of  course.  It  Is  likely  that  any  water  soluble 
contaminants  were  removed  during  polishing  by  the  diamond 
paste,  which  Is  Itself  water-based. 

Discussion  and  Conclusions 

The  leakage  current  Induced  In  the  capacitors  of  this 

study  exhibits  the  "classical"  low  voltage  failure 

characteristics,  l.e.  the  presence  of  structural  defects  in 

the  capacitors  and  the  ability  of  high  voltages  to  "clear" 

shorts  in  the  capacitors.  The  "sawtooth"  pattern  of  failure 

is  peculiar  to  this  study,  although  this  behavior  has  been 

seen  In  porous  disc  capacitors  exposed  to  similar  biases  and 
21 

humid  atmospheres. 

The  "sawtooth"  behavior  and  the  absence  of  excess 
electrode  material  being  found  anywhere  in  the  cracks 
suggests  that  the  growth  of  dendrites  between  the  electrodes 
was  not  the  failure  mechanism  at  work  In  this  case.  If 
dendrites  did  form,  due  to  the  low  solubility  of  Pd  In  water 
it  Is  likely  that  they  would  be  composed  of  a  salt  of  Pd  such 
as  PdCl2.  No  evidence  of  PdClg  or  any  other  salt  was  found. 
The  fact  that  breakdown  ceased  to  occur  almost  Immediately 
after  the  moisture  was  removed  from  the  atmosphere  also 
suggests  that  dendrites  could  not  be  responsible.  Even  If 
dendrites  require  water  to  grow  In  the  defects,  once  grown 
they  should  continue  to  exist  after  the  removal  of  the 
moisture  and  continue  to  faclllltate  breakdown.  But  this  is 


not  the  case,  since  In  all  Instances  breakdown  rapidly  ceases 
when  water  Is  removed  from  the  system. 

The  data  of  this  study  can  be  understood  If  electrolytic 
Ionic  conduction  Is  assumed  to  cause  the  enhanced  leakage 
current.  If  electrolytic  Impurities  such  as  chlorine  or 
bromine  salts  were  present  In  the  sample,  conduction  between 
the  electrode  layers  could  have  occurred  by  means  of  Ionic 
transport.  Any  soluble  Impurity  Ions  could  conceivably  take 
part  In  such  conduction.  Water  undergoes  dissociation  to  H+ 
and  OH"  at  0.87  volts,  so  that  above  this  voltage  H+  and  OH" 
Ions  could  contribute  to  the  leakage  current.  The  fact  that 
the  onset  of  the  "sawtooth"  pattern  and  enhanced  leakage  was 
located  between  0.5  and  1.0  VOC  tends  to  support  this 
mechanism.  At  higher  voltages  the  Increased  currents  could 
generate  enough  localized  heat  to  faclllitate  the  evaporation 
of  the  aqueous  conductor.  This  could  also  account  for  the 
"sawtooth  effect"  with  the  rapid  rise  In  current  producing 
enough  heat  to  effectively  halt  Itself. 

Electrolytic  conduction  Is  a  much  simpler  breakdown 
mechanism  than  dendritic  growth,  and  does  not  require  as 
narrow  a  range  of  conditions  In  order  to  take  place. 
Furthermore,  conditions  postulated  to  be  necessary  for 
dendritic  growth,  such  as  the  presence  of  moisture  in 
existing  defects  and  the  presence  of  Cl  Ions,  are  Ideally 
suited  for  the  facilitation  of  an  electrolytic  solution  as 
the  conduction  mechanism. 
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Figure 

1.  Cross-section  of  a  typical  capacitor  as  supplied  by 
Presidio,  Inc. 

2.  Sketched  cross-section  of  a  typical  capacitor  after 
having  undergone  thermal  shocking. 

3.  Schematic  of  the  2-unlt  testing  apparatus. 

4.  Schematic  of  the  life-testing  apparatus. 

5.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  both  a  cracked  and  an  uncracked  capacitor 
at  85°C  and  1.5  YDC  In  a  dry  atmosphere. 

6.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  both  a  cracked  and  an  uncracked  capacitor 
undergoing  the  85/85  2.0  VDC  test  with  varying  atmosphere. 

7.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  a  cracked  capacitor  undergoing  the  85/85 
2.0  VDC  test  with  varying  atmosphere. 

8.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  a  cracked  capacitor  undergoing  the  85/85 
1.5  VDC  test  with  varying  atmosphere. 

9.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  a  cracked  capacitor  undergoing  the  85/85 
1.5  YDC  test  with  varying  atmosphere. 

10.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  a  cracked  capacitor  undergoing  the  85/85 
0.5  VDC  test  with  varying  atmosphere. 


11.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  a  cracked  capacitor  undergoing  the  85/85 
1.0  VDC  test  with  varying  atmosphere. 

12.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  a  cracked  capacitor  undergoing  the  85/85 
1.5  VDC  test  with  varying  atmosphere. 

13.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  in  seconds  for  a  cracked  capacitor  undergoing  the  85/85 
2.0  VDC  test  with  varying  atmosphere. 

14.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  in  seconds  for  a  cracked  capacitor  undergoing  the  85/85 
5.0  VDC  test  with  varying  atmosphere. 

15.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  a  cracked  capacitor  undergoing  the  85/85 
10.0  VDC  test  with  varying  atmosphere. 

16.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  a  cracked  capacitor  undergoing  the  85/85 
20.0  VDC  test  with  varying  atmosphere. 

17.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  a  cracked  capacitor  undergoing  the  85/85 
70.0  VDC  test  with  varying  atmosphere. 

18.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  a  cracked  capacitor  undergoing  the  85/85 
1.5  VDC  test  with  varying  atmosphere  (exerpt  from  the  life 
tests). 
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19.  Plot  of  the  logarithm  of  the  leakage  current  density  vs.  ! 

I 

time  In  seconds  for  a  cracked  capacitor  undergoing  the  85/85  ■ 

1.5  VDC  test  with  varying  atmosphere  (exerpt  from  the  life  \ 

tests ) .  j 
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20.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  In  seconds  for  a  cracked  capacitor  undergoing  the  85/85 

1.5  VDC  test  with  humid  atmosphere  (exerpt  from  the  life 
tests). 

21.  Plot  of  the  logarithm  of  the  leakage  current  density  vs. 
time  in  seconds  for  a  cracked  capacitor  undergoing  the  85/85 

1.5  VDC  test  with  humid  atmosphere  (exerpt  from  the  life 
tests). 

22.  Plot  of  the  logarithm  of  the  leakeag  current  density  vs. 
time  in  seconds  for  a  cracked  capacitor  subjected  to  a  1.5 
VDC  bias  with  varying  atmosphere  and  temperature. 

23.  Photomicrograph  of  2  cracks  penetrating  the  surface  and 
electrode  layers  of  a  thermally  shocked  capacitor  that 
exhibited  low- voltage  breakdown. 

24.  Photomicrograph  of  2  cracks  penetrating  the  surface  and 
electrode  layers  of  a  thermally  shocked  capacitor  that 
exhibited  low- voltage  breakdown. 

25.  Photomicrograph  of  a  crack  taken  using  the  SEM. 
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SCHEMATIC  OF  LIFE  TESTING  APPARATUS 


Plot  of  the  logarithm  of  the  leakage  current  density 

VS.  TIME  IN  SECONDS  FOR  BOTH  A  CRACKED  AND  AN  UNCRACKED 
CAPACITOR  AT  85*C  AND  1.5  VDC  IN  A  DRY  ATMOSPHERE. 
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IN  SECONDS  FOR  A  CRACKED  CAPACITOR  UNDERGOING  THE  85/85  20.0 
TEST  WITH  VARYING  ATMOSPHERE. 


Photomicrograph  of  a  crack  penetrating  the  electrode  layers 
magnified  lOOOx  liken  using  the  SEN. 


Photomicrograph  of  a  crack  parallel  to  the  electrode  layers 
penetrating  the  surface  and  electrode  layers  of  a  thermally 
shot  k»‘<)  (apaciior  that  exhibited  low-voltage  breakdown. 
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Plot  of  the  logarithm  of  the  leakage  current  density  vs.  time 
IN  SECONDS  FOR  A  CRACKED  CAPACITOR  UNDERGOING  THE  85/85  1.5  V 
TEST  WITH  HUMID  ATMOSPHERE  (EXCERPT  FROM  THE  LIFE  TESTS). 
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Iatroduct iea 

The  purpose  of  this  work  was  to  investigate  the 
aechanical  tad  electrical  phase  diagraa  of  La  doped 
PbZr03(«5%)  -PbTi03(35%)  (PLZT  65/35) )  in  the  raage  froa  8 
to  12  att. 

The  teaperatare  and  field  depeadeat  polarization/ 
depolarization  behavior  of  PLZT  near  8  at.%  La  has  been 
studied  by  a  nusber  of  workers  (1-8).  Cross  (1.2) 
proposed  a  aodel  of  electrical  field  ordering  of  polar 
aicrodoaains  iaaersed  in  a  cubic  parael ecr t r ic  aatrix. 

This  aodel  was  put  forward  to  account  for  the  observed 
electric  field  dependence  of  the  polarization  vs. 
teaperature  in  the  penf e rroel ec t r  ic  phase. 

Induced  phase  trassforsat  ions,  rather  than 
orientation  of  aicrodoaains  have  been  proposed  for  PLZT 
based  on  dielectric  and  optical  effects  caused  by  electric 
fields  (3-7),  and  by  uniaxial  stress  (8). 

The  goals  of  this  investigation  were:  1)  to  deteraine 
the  elastic  softening  teaperature  in  PLZT  above  8  at.%  La, 
2)  to  study  the  relative  dielectric  constant  (K )  and  the 


dissipation  factor  (dF)  as  a  function  of  teaperature  a 
frequency,  and  3)  to  stndy  tbs  polarisation/ 
depolarisation  behavior  of  PLZT  using  thermally  stianli 
current. 


■nnanreaent  Technique  a 


Blaatieic  Softening 

In  order  to  aeasure  the  elastic  softening  temperature 
independent  of  the  pi es oel ec t r  ic  constant,  a  long  thin 
vibrating  reed  was  externally  driven  by  a  aagnetic 
gradient  acting  on  a  snail  peraanent  aagnated  attached  to 
the  reed.  The  elastic  properties  were  studied  over  the 
teaperature  range  froa  260  to  360°I,  with  resonance 
frequencies  less  than  100  Hx.  The  resonant  frequency  was 
adjusted  by  using  different  nagnet  Basses.  The  resulting 
asyaaetric  resonance  curves  were  analysed  using  the  Wuttig 


and  Susuhi  theory  of  non-lii 


ilasticity  (9-11)  to 


determine  the  resonance  frequency,  the  third  order  spring 
constant,  and  the  linear  daaping.  The  apparatus  used  has 
been  described  previously  (9-11).  A  schenatic  of  the 
neasureaent  systea  is  shown  in  figure  1. 


Dielnetrie  leaamreaenta 

The  capacitance  and  dissipation  factor  were  measured 
as  a  function  of  frequency  and  teaperature.  The 
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0.01  IBs.  1KB  z  tad  100  KBs.  Ths 


■  it  isriimt  i  were  aid*  over  the  teaperetare  range  180  to 
420°K,  the  heating  rate  tai  a ppr oxi aa te  1  y  4°C/ain.  The 
electrode  need  was  InGa.  The  test  chaaber  and  equipaent 
used  have  been  described  in  previous  reports.  The  test 
chaaber  is  shown  in  fignre  2. 

The  ran  11 y  Stianlated  Carreat 

The  capacitors  were  electroded  with  In-Ga  and  placed 
in  the  chaaber.  The  sealed  chaaber  was  heated  to  abont 
420°K.  evacuated  and  then  filled  with  Be.  The  teaperatnre 
was  cooled  to  about  180°K  with  liquid  nitrogen  and  a  field 
was  applied  (S00v/cb).  The  current  was  aeasured  as  the 
teaperature  was  increased  at  a  rate  of  approxiaatel y 
4  °C  /  a  i  n  to  420°K  (first  polarization  run).  The  systea  was 
then  quenched  to  near  180°K  and  the  process  was  repeated 
(2nd  polarization  run).  The  systea  was  then  quenched  again 
to  180°K,  the  field  was  reaoved,  and  the  aeasureaent  was 
repeated  (3rd  polarisation  run).  The  test  chaaber  and 
equipaent  used  have  been  described  in  previous  reports. 

The  test  chaaber  is  shown  in  figure  2. 

Dieeuasioa  of  Kesults 

A  suaaary  of  the  results  of  this  study  is  shown  as 


additions  to  the  phase  diagraa  of  Neitzler  and  O’Bryan  (3) 
in  figure  3.  Data  obtained  by  a  coaaon  technique  for  the 
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Fi*nre  3.  Modified  phase  diagraa  for  PLZT  («5/35)  at  a 
foactio.  of  teaper.t.r.  .ad  La  cooteot.  New  boBadaliM 
ere  deteraiaed  by  a  aaiiaa  is  the  pol.rix.tioa  (PP) 

ii  4°“  !*  *  "  *  *  (C)>  ,er0  (PO),  a  *  bnap" 

.01  IB*  (ID,  dielectric  aaxiaa  for  1  IBs  (12),  and 
dielectric  aaxiaa  at  100  KBx  (13) 


three  coapositions  ere  connected  by  lines  to  guide  the 
eye.  The  as j or  contributions  ere  1)  the  extension  of  the 
lettice  softening  bonndery  beyoond  8  st%  Le,  2)  the 
conf  ireetion  of  the  penf  e  r  r  oel  e  e  t  r  ic  boundaries,  end  3) 
the  ident  i  f  icet  ion  of  the  neerly  lineer  de  p  ol  e  r  iz  e  t  i  o  n  es 
the  staple  teaperetnre  approaches  the  upper  bonndery  of 
the  penf e rr oel ec t r ic  region. 

Elastic  Softening 

Repre sentet ive  date  froa  this  study  are  shown  in 
figures  4-7.  The  third  order  spring  constant  and  the 
resonance  frequency  showed  a  niniaun  near  350°K,  345°K  and 
320 °K  for  PLZT-8  (PLZT  with  8  at%  La.  sane  notation  for 
other  coapositions),  PLZT-10,  and  PLZT-12  (illustrated  in 
figures  4  and  5).  Near  the  sane  teaperature  for  each 
coaposition.  a  sharp  drop  in  the  dissipation  factor 
occurred  (illustrated  in  figures  6  and  7). 

The  teaperatures  of  the  observed  elastic  softening 
are  shown  on  the  phase  diagraa  in  figure  3  as  line  C.  The 
elastic  softening  occurred  near  the  ferro/ 

penf e rr oel ec t r ic  phase  boundary  for  PLZT-8,  and  correlated 
with  a  buap  in  the  dissipation  factor.  For  PLZT-10  and 
PLZT-12,  the  effect  was  near  the  reported  penferro/ 
paralectric  phase  boundary  (3),  and  correlated  with  the 
aaxiana  in  the  dielectric  constant.  A  correlation  which 
aay  add  soae  insight  is  that  the  relaxor  behavior  does  not 


occur  for  a  La  content  less  than  8  at%,  and  as  the  La 
content  is  increased  (shown  in  the  dielectric  portion  of 
this  study)  the  frequency  dependence  of  the  saxisa 
increases. 

The  source  for  the  elastic  softening  near  the  ferro / 
penf  e  r  r  oel  ec  t  r  ic  phase  boundary  in  PLZT-8  and  near  the 
penferro/  paraelectric  phase  boundary  in  PLZT-10  and 
PLZT-12  is  not  certain  at  this  tine.  A  possibility  is  that 
the  lattice  softening  is  associated  with  a  macro  to 
microdomain  transition  in  PLZT-8,  and  associated  with  a 
polar  to  nonpolar  transformation  in  PLZT-10  and  PLZT-12. 

Dielmctric  Measurements 

Representative  data  from  this  study  are  shown  in 
figures  8-11,  With  increasing  La  content  the  frequency 
dependence  of  the  maximum  in  the  dielectric  constant 
increased,  the  maximum  became  more  dispersive,  and  the 
temperature  of  the  maximum  was  shifted  down.  The  maximum 
in  the  dielectric  constant  at  lOOEHz  correlated  with  the 
observed  elastic  softening.  The  dielectric  constant  maxima 
are  shown  on  the  phase  diagram  in  figure  3.  The  maxima  for 
O.OlEHz,  lEHz,  and  lOOEHz  are  shown  as  lines  El,  E2,  and 
E3  respectively.  The  maxima  lie  below  the  penferro/ 
paraleectric  phase  boundary,  and  approach  this  boundary  as 
the  frequency  is  increased. 

The  dissipation  factor  for  PLZT-8  had  a  bump  which 


DISSIPATION  FACTOR 


correlated  with  the  elastic  softening.  As  the  La  content 
was  increased  the  naxiasa  in  the  dissipation  factor  becaat 
wore  dispersive  and  frequency  dependent.  The  hasp  in  the 
dissipation  factor  for  PLZT-8  occnred  at  the  ferro/ 
penf  e  rroel  ec  t  r  ic  boundary,  and  is  shown  on  the  phase 
diagraa  in  figure  3  as  point  DP. 

Theraally  Stimulated  Cnrrent 

Representative  data  f roa  this  stndy  are  shown  in 
figures  12  and  13.  and  representative  graphs  of  the 
polarization,  calculated  froa  the  theraally  stiaulated 
current  (TSC),  are  shown  in  figares  14-16. 

The  teaperature  at  which  the  poalrization  aaziaa 
occurred  during  the  first  polarization  run  was  obtained 
from  the  aaziaua  slope  in  the  TSC  spectra  at  29  3°I,  270°K, 
and  245  °K  for  PLZT-8.  PLZT-10.  and  PLZT-12  respectively. 
Above  the  aaziaua,  depolarization  occurred  linearly  with 
teaperature  as  evidence  froa  the  constant  negative  cnrrent 
of  the  TSC  spectra  and  the  polarisation  curves.  The 
teaperature  at  which  the  depolarisation  was  coaplete  was 
obtained  froa  the  aaziaua  slope  in  the  TSC  spt  ra  at  415°K, 
41 0°I,  and  380°K  for  PLZT-8.  PLZT-10.  and  PLZT-12 
re  spect i vel y. 

During  the  second  polarisation,  depolarisation 
occurred  linearly  throughout  the  teaperature  region 
investigated  as  evidence  froa  the  nearly  constant  negative 
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current  of  the  TSC  spectra  and  the  polarization  curve  t. 

The  third  polarization  curves  did  not  show  a  return 
to  a  completely  depoled  state.  Proa  the  polarization 
curves,  it  can  he  seen  that  a  significant  change  in  the 
rate  of  depolarization  occured  near  290°K,  270°k  and  245°K 
for  PLZT-8.  PLZT-10.  and  PLZT-12  respectively.  The 
depol  ar  iz  t  ion  in  both  regions  was  linear  with  temperature. 

The  maximum  in  the  polarization  during  the  first 
polarization  run  va  s  near  the  ferro/  pe  nf  e  r  r  oel  e  c  t  r  i  c 
boundary  for  all  compositions  investigated.  This  maximum 
correlated  with  a  decrease  in  the  rate  of  depolarization 
in  the  third  polarization  curves.  These  data  are  plotted 
on  the  phase  diagram  in  figure  3  as  line  PP,  for  Peak 
Polarization.  The  temperature  of  the  peak  polarization 
behavior  in  PLZT-8  is  near  the  temperature  for  which  Cross 
(1)  has  proposed  a  limit  macrodomain  stability. 

The  first  polarization  and  second  polarization  runs 
support  a  model  in  which  a  poled  material  linearly  dpoles 
over  a  large  temperature  interval  into  a  paraelectric 
state.  The  temperatures  taken  to  represent  zero 
polarization  are  shown  on  the  phase  diagram  in  Figure  4  as 
line  PO,  for  zero  polarization.  According  to  Cross  (1), 
the  temperature  where  the  polarization  is  zero  is  the 
limit  of  microdomain  stability  with  an  applied  field. 
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Abstract 

This  paper  describes  the  polymeric  synthesis  of  Pb3HgNb209  based 
dielectric  powders.  The  results  show  that  single  phase  powders  of  about 
50  nm  crystallite  size  can  be  prepared  at  temperatures  as  low  as  500*C. 
This  preparation  technique  is  based  upon  having  the  Individual  cations 
complexed  in  separate  weak  organic  acid  solutions.  The  individual 
solutions  are  gravimetrical ly  analyzed  for  the  respective  cation 
concentration  to  a  precision  of  10-100  ppm.  In  this  way  it  is  possible 
to  precisely  control  all  of  the  cation  concentrations,  and  to  mix  the 
ions  on  an  atomic  scale  in  the  liquid  state.  There  is  no  precipitation 
in  the  mixed  solution  as  it  Is  evaporated  to  the  rigid  polymeric  states 
in  the  form  of  a  uniformly  colored  transparent  glass.  This  glass  is 
calcined  to  yield  powders  which  are  both  homogeneous  and  single  phase 
with  well  controlled  cation  stoichiometry.  The  synthesis  process  is 
described  and  some  resulting  electrical,  microstructural  and 
crystal lographlc  characteristics  were  obtained  for  sintered  capacitors 
made  with  powders  derived  from  this  synthesis. 


Introduction 

The  electrical  and  dielectric  properties  and  the  processing 
characteristics  of  perovskite  (ABO^)  type  oxides  are  closely  related  to 
the  cation  stoichiometry  or  A/B  ratio.  Therefore,  for  reliability  and 
reproducibility,  precise  control  of  the  cation  content  is  of  utmost 
importance.  When  one  or  both  of  the  cations,  A  or  B,  are  volatile  under 
the  conditions  of  either  powder  synthesis  or  subsequent  sintering, 
control  of  cation  stoichiometry  becomes  nearly  impossible.  This  is 
particularly  true  for  Pb  containing  perovskites.  Most  of  these  oxides 
need  to  be  made  and  sintered  at  temperatures  greater  than  900*C.  This 
temperature  of  900’C  is  sufficiently  high  that  substantial  PbO  loss 
occurs.  At  900*C,  Pb^Mg^Og  loses  about  0.5  wX/hr  or  2  x  10*^  moles 
PbO/hr.  This  is  high  enough  that  the  lead  content  becomes  rather  ill 
defined  and  property  reproducibility  becomes  a  problem. 

One  method  of  minimizing  PbO  loss  is  to  lower  the  processing 
temperature  both  for  powder  synthesis  and  device  fabrication  to  below 
900*C  so  that  PbO  loss  through  volatilization  is  minimized.  This 
requires  the  starting  perovskite  oxide  to  be  both  homogeneous  and  fine 
crystallite-sized  (<  0.1  ym).  About  the  only  methods  available  to 
obtain  perovskite  powders  of  such  characteristics  involve  some  form  of 
organo-metall ic  synthesis.  It  is  the  intent  of  this  paper  to  describe 
the  preparation  of  Pb^Mgf^O^  powders  by  one  of  these  organo-metallic 
processes  and  to  report  some  of  the  properties  of  the  resulting  dense 
polycrystalline  capacitors. 


Results  and  Discussion 


Synthesis  Process 


The  process  described  is  one  which  was  originally  developed  by 


Pechini  [1]  in  the  1960's  to  prepare  capacitor  oxides  such  as  titanates 


and  niobates. 


This  process  involves  the  ability  of  certain  weak  acids  (alpha- 


pyroxycarboxylic  acids)  to  form  polybasic  acid  chelates  with  various 


cations  from  elements  such  as  Ti,  Zr,  Cr,  Mn,  Ba,  La,  Pb,  etc.  These 


chelates  can  undergo  polyesterification  when  heated  in  polyhydroxyl 


alcohol  to  form  a  polymeric  glass  which  has  the  cations  uniformly 


distributed  throughout.  Thus  the  glass  retains  homogeneity  on  the 


atomic  scale  and  may  be  calcined  at  low  temperatures  to  yield  fine 


particulate  oxides  whose  chemistry  has  been  precisely  controlled. 


A  typical  flowsheet  for  the  peparations  from  this  process  is  shown 


in  figure  1.  The  cationic  sources  which  have  been  successfully  used 


are  carbonates,  hydroxides,  isopropox  ides,  and  nitrates. 


The  general  reaction  sequence  that  occurs  during  the  polymerization 


process  is  as  follows.  The  metals  chelate  to  the  citrate  and  form  a 


polybasic  acid  chelate.  Addition  of  ethylene  glycol  to  the  mixture  leads 


to  the  formation  of  an  ester.  Upon  heating,  polymerization  takes  place. 


thereby  forming  an  organic  matrix  throughout  the  solution.  Finally,  the 


organics  are  removed  by  calcining  the  mixture  at  400-500*C. 


Certain  hydroxycarboxylic  acids,  such  as  citric,  lactic,  tartaric,  and 
glycolic  acids,  form  polybasic  acid  chelates  with  metal  ions.  When 


compared  to  the  majority  of  the  acids,  citric  acid  is  more  widely  used  in 
the  processing  of  ceramic  materials  through  the  use  of  organic  precursors. 
The  typical  citrate  ion  metal  complexes  tend  to  be  fairly  stable  due  to  the 


strong  coordination  of  the  citrate  Ion  to  a  metal  Ion  Involving  two 
carboxyl  and  one  hydroxyl  group  as  shown: 
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The  desired  metal  ions  are  provided  through  various  inorganic  and  organic 
constituents. 

The  presence  of  a  polyhydroxy  alcohol,  such  as  ethylene  glycol,  allows 
for  the  formation  of  an  organic  ester  with  the  acid  chelate.  A 
condensation  reaction  occurs  with  the  formation  of  a  water  molecule.  The 
hydroxyl  grgup  in  the  water  formed  arises  from  the  carboxylic  acid;  the 
proton  comes  from  the  alcohol  as  shown  in  the  following: 


hoch2ch2oh 
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Upon  heating,  polyesterification  occurs  throughout  the  liquid  medium, 
resulting  in  a  homogeneous  solution  of  metal  ions  attached  to  an  organic 
matrix.  The  solution  is  gradually  heated  to  remove  excess  solvent  leaving 
a  solid  resin  intermediate.  The  resin  is  then  calcined  to  remove  the 
organic  material  while  the  remaining  inorganic  metals  are  chemically 
combined  to  form  the  desired  stoichiometrically  controlled  compound. 

For  the  preparation  of  Pb^Mgf^Og  the  amounts  of  lead  carbonate, 
magnesium  carbonate  and  niobium  ethoxide  were  calculated  and  then  weighed 
out  and  mixed  with  a  solution  containing  a  ratio  of  1  gm  of  anhydrous 
citric  acid  to  1.5  ml  ethylene  glycol. 

The  solution  was  heated  to  90 *C  until  the  lead  carbonate,  magnesium 
carbonate  and  niobium  ethoxide  had  gone  into  solution.  This  is  the  most 
important  step  of  the  process,  as  complete  dissolution  of  the  cations  is 
necessary  to  insure  homogeneity  and  composition.  The  resulting  clear 
solution  was  evaporated  until  an  amorphous,  organic  polymer  formed.  This 
solid  was  heated  to  400*C  to  eliminate  as  much  of  the  organics  as 
possible.  The  solid  turned  into  a  black  brittle  mass  which  was  then 
ground,  screened,  and  transferred  to  a  crucible,  and  calcined  in  the 
temperature  range  500  to  800*C  for  3  hours. 

The  relative  weight  loss  and  differential  thermal  analysis  of  the 
polymeric  precursor  are  shown  in  figure  2.  As  can  be  seen,  heat  begins 
to  evolve  at  about  400*C  which  corresponds  to  the  region  of  maximum 
weight  loss.  Essentially  all  of  the  weight  loss  occurs  at  temperatures 
below  600*C.  Above  this  temperature,  no  further  exotherms  were  observed. 
This  suggests  that  Pb^Mg^Og  can  be  synthesized  at  temperatures  as  low 
as  400  to  600*C. 


In  agreement  with  the  DTA/TG  results,  figure  3  shows  that  the 
initially  amorphous  X-ray  diffraction  pattern  changes  to  patterns  which 


are  typical  of  the  crystalline  perovskite  and  pyrochlore  phases. 

However,  from  figure  4  it  appears  that  lower  calcination  temperatures 

favor  the  pyrochlore  phase.  Also,  it  appears  that  it  is  difficult  to 

obtain  1001  perovskite  Pb^Mgf^Og,  however,  as  has  been  reported  by  other 
2-4 

investigators,  the  additions  of  excess  MgO  favor  formation  of  the 
perovskite  structure.  Thus,  it  appears  that  100%  perovskite  can  be 
obtained  at  temperatures  as  low  as  700  to  800*C  if  excess  MgO  is  present. 

The  influence  of  calcination  temperature  on  crystallite  size  is 
shown  in  figure  5.  It  is  evident  that  powders  with  the  average 
crystallite  size  of  less  than  500nm  can  be  formed  in  the  500  to  800*C 
temperature  range. 
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Properties  of  Resulting  Oxides 

Formulations  of  the  composition  0.63  Pb^gf^Og  -  0.2  PbTiO^  -  0.17 
MgO  were  prepared  to  evaluate  sintering  and  dielectric  properties.  The 
resulting  powders  were  pressed  into  discs  and  placed  into  closed  crucibles 
to  minimize  PbO  loss  and  sintered  in  the  temperature  range  1000  to  1 250 * C . 
Best  densification  occurred  in  the  1200  to  1250*C  temperature  range.  Tabl 
I  lists  some  of  the  properties  that  have  been  obtained.  The  results  are 
very  preliminary  and  do  not  represent  optimization.  Typical 
microstructures  of  fractured  surfaces  are  shown  in  figure  6. 

These  properties  and  microstructures  are  essentially  the  same  as 
those  obtained  from  formulations  of  mixed  oxides.  However,  improvements 
of  properties  and  reduction  in  sintering  temperature  are  expected  to 
occur  as  the  processing  and  formulations  become  optimized.  For  example, 


some  recent  results  show  that  denslfication  temperatures  can  be  decreased 
to  about  900*C  without  any  appreciable  loss  of  electrical  and  dielectrical 
properties  by  introducing  excess  PbO.  Alterations  of  composition  and 
processing  parameters  are  the  subject  of  our  current  studies. 

Conclusion 

It  is  evident  that  Pb^Mgl^Og  can  be  synthesized  by  the  polymeric 
precursor  process  of  Pechini's.  Results  show  that  the  perovskite  phase 
can  be  obtained  if  excess  MgO  is  present  in  the  formulation  at 
temperatures  as  low  as  700*C.  Densif ication  of  compositions  that  are 
either  stoichiometric  Pb^gf^Og  or  contain  excess  MgO  cannot  be 
sintered  at  temperatures  below  1200“ C .  Compositions  containing  excess 
PbO  can  be  sintered  at  about  900’C. 
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Figure  1.  Flowsheet  for  Preparation  of  Oxides 

Figure  2.  Differential  Thermal  Analysis  (DTA)  and  Relative  Weight  Loss 
of  Polymeric  Precursor  for  Pb^MgNb^O^  Preparation  Which  Had 
Been  Heated  to  150*C  to  Polymerize. 

Figure  3.  X-ray  Diffraction  Pattern  of  Pb^Mgf^Og  ♦  4m!  HgO 
Preparation: 

A)  Calcined  500*C,  3  hours 

B)  Calcined  700*C,  3  hours 

C)  Calcined  900*C,  3  hours 

Figure  4.  Percent  Perovskite  Formed  in  Pb-jMg^Og  and  Pb^HgN^Og  ♦  4ml 
MgO  Preparation  as  a  Function  of  Calcination  Temperature. 
(Time  =  3  hours) 

Fjgure  5.  Scanning  Electron  Micrographs  of  Pb^Mg^Og  from  Polymer 
Process 

A)  Calcined  500*C,  3  hours 

B)  Calcined  800‘C,  3  hours 

Figure  6.  Scanning  Electron  Micrographs  of  0.63  Pb^Mg^Og  -  0.2  PbTiO^ 


0.17  MgO  Sintered  at  1250*C. 

A)  Polished  Surface 

B)  Fracture  Surface 
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Preparation  of  Perovskite  Pb(Mgi/3Nb2/3)03 
Using  Pb3Nb208  and  MgO 

J.  P.  Guha*  and  H.  U.  Andkrson* 

Department  of  Ceramic  Engineering.  University  of  Missouri  Rolla.  Rolla.  Missouri  65401 

The  synthesis  of  perovskite  PMMgi  ,Nh2 ,)() <  from  an  equimolar  mixture  of 
Pb,Nb20 h  and  MgO  was  studied  by  solid-state  reaction  techniques.  An  addition 
of  I  wfk  excess  MgO  to  the  stoichiometric  composition  enhances  the  formation  of 
the  cubic  perovskite  phase .  The  absence  of  free  PbO  in  the  initial  starting  materials 
minimizes  the  volatilization  loss  during  firing,  thereby  reducing  the  possibility  of 
any  compositional  change  and  resulting  in  a  substantial  improvement  of  the  per¬ 
ovskite  phase  purity  over  the  conventional  mixed-oxide  processing. 


rT'HE  perovskite  compound  PbtMg.  ,Nb.-  .)- 
0,  has  recently  received  considerable 
attention  in  the  area  of  electronic  ceramics 
because  of  its  excellent  dielectric  and  ferro¬ 
electric  properties.1'4  Although  the  exis¬ 
tence  of  PbtMgi, iNb^.K),  and  its  stability 
at  elevated  temperatures  have  been  estab¬ 
lished  beyond  doubt,  the  synthesis  of  the 
compound  from  the  precursor  oxides  re¬ 
mains  difficult.  This  is  due  mainly  to  the  in¬ 
evitable  formation  of  an  unwanted  pyro- 
chlorc  phase  during  the  initial  stages  of 
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the  reaction  between  the  precursor  oxides. 
The  kinetics  for  the  conversion  of  the  pyro- 
chlore  phase  to  perovskite  are  very  slow 
and  necessitate  repeated  firing  for  pro¬ 
longed  periods  at  elevated  temperatures. 
Since  the  presence  of  the  pyrochlore  phase 
oven  in  small  quantities  in  the  final  product 
is  detrimental  to  the  dielectric  properties  of 
Pb(Mg,  iNb.  i tO.,  its  formation  during 
the  reaction  process  must  be  eliminated. 
Furukawa  et  at. '  were  first  to  recognize  the 
beneficial  effect  of  excess  MgO  on  the  for¬ 
mation  of  the  pyrochlore-frcc  perovskite 
PbtMgi  iNb2,.)Oi  and  observed  a  signifi¬ 
cant  improvement  of  the  dielectric  proper¬ 
ties  of  PbtMgi  ,Nb,,.)O,-PbTi0.  ceramics 
with  the  addition  of  ~  I  wt9f  excess  MgO. 
Swart?  et  at. "  have  proposed  an  alternative 


method  in  which  prefabricated  MgNb-0„ 
and  PbO  were  reacted  at  800“C  to  form  Pb 
(Mgi.iNb.  <)0>.  These  workers  have  con¬ 
firmed  that  the  pyrochlore  phase  was  elimi¬ 
nated  by  the  addition  of  an  excess  MgO. 
The  present  communication  is  intended  to 
show  that  the  compound  Pb(Mg,  .Nb;  ,)0, 
can  be  prepared  by  the  solid-state  reaction 
between  Pb,Nb20»  and  MgO  at  900°C 
Since  there  is  no  free  PbO  involved  in  this 
synthesis,  the  volatilization  loss  that  occurs 
during  the  synthesis  of  the  compound  from 
the  precursor  oxides  can  be  completely 
eliminated. 

Experimental  Procedure 

Lead  niobate  (Pb.Nb-O,)  used  in  this 
study  was  prepared  by  the  solid-state  reac¬ 
tion  of  appropriate  proportions  of  high- 
purity  reagent-grade  PbO  and  Nb-O. 
Since  Pb.Nb-O,  and  PbO  form  a  eutectic  at 
830°C  in  the  system  PbO-Nb-O.,’  the  reac¬ 
tion  temperature  for  the  preparation  of 
Pb,Nb20,  used  was  820°C  Pb.Nb-O,.  thus 
prepared  was  mixed  with  an  equimolar 
amount  of  MgO.  pressed  into  a  pellet,  and 
then  fired  in  two  calcination  steps  at  800°C 
for  a  combined  period  of  6  h  with  intermit¬ 
tent  cooling,  crushing,  and  mixing  which 
were  followed  by  a  final  heat  treatment  at 
900°C  for  4  h.  Compositions  containing  an 
excess  of  MgO  <  I  to  2  wtT )  wore  subjected 
to  identical  firing  conditions.  At  the  end  of 
the  firing  period,  the  products  were  ana¬ 
lyzed  by  X-ray  powder  diffraction  (XRD) 
using  Ni-filtcred  CuA'o  radiation  and  scan¬ 
ning  electron  microscopy  (SEM)  equipped 
with  EDX  attachments. 
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big  2  Scanning  electron  micrograph  of  the  fracture  \uitace  of 
I’btMg,  >Nh-  ,tO,  sample  fired  at  400V  for  4  h  tbar=  1  gi mi 


firing  at  90()  'C  is  shown  in  Fig  2  As  can 
be  seen  the  morphology  of  the  powder 
compact  essentially  reveals  cubic  grains 
with  grain  size  varying  within  the  range 0  5 
to  2.0  /urn.  The  HDX  analysis  of  the  grains 
indicated  the  presence  of  lead,  magnesium, 
and  niobium  in  the  sample 


- 26 

fig  I  X-ray  powder  dillraction  pattern  of  an  equimolar  mixture  of 
Ph.Nh.O,  and  MgO  (A  I  calcined  at  800V  for  6  h  and  IS  I  fired  with  I  wi9f 
excess  MgO  at  900V  for  4  h  (PMN  =  cubic  PbtMg,  ,Nh.  ,lO.. 
P  S  Pb  Nb  -O..  and  M  -  MgO  ) 


Results  and  Discussion 

X-ray  diffraction  analyses  performed 
on  the  fired  mixtures  indicated  that,  in  the 
temperature  range  used,  Pb.Nb.O,  reacts 
with  MgO  to  form  the  cubic  perovskitc 
PbtMg,  ,Nb.  .lO,  phase."  Figure  1(A) 
shows  the  XRD  pattern  of  an  equimolar 
mixture  after  repeated  calcination  at  800°C 
indicating  the  presence  of  mainly  the  cubic 
PblMg,  ,Nb.,  ,iO,  with  some  unrcactcd 
Pb.Nb.O,  and  MgO.  As  can  be  seen,  the 
presence  of  the  py roc h lore  phase  could  not 
be  detected  accurately  because  of  over¬ 
lapping  of  the  major  reflections  of  this 
phase  and  Pb ,Nb.O,  As  the  temperature 
was  increased  to  900°C,  the  amount  of  the 
cubic  perovskitc  phase  increased  with  cor¬ 
responding  decrease  in  both  Pb.Nb;0»  and 
MgO  However,  a  complete  conversion  to 
the  cubic  PblMg,  .NbulO.  was  made  with 
an  addition  ol  I  wt%  excess  MgO  to  the 
stoichiometric  mixture.  Figure  1(B)  shows 
the  XRD  pattern  of  a  mixture  contain¬ 
ing  excess  MgO  that  had  been  subjected 
to  identical  heat-treatment  conditions 
indicating  the  formation  of  the  cubic 
PbtMg,  .Nb;  .)Oi  with  very  little  pyro- 


chlore  present.  It  is  evident,  therefore,  that 
an  addition  of  excess  MgO  enhances  the 
reaction  rate  and  allows  the  formation  of 
the  cubic  perovskite  phase.  Thus,  the  over¬ 
all  reaction  sequence  observed  by  the  XRD 
analysis  can  be  represented  by  the  follow¬ 
ing  equations: 

fPbO  +  Nb.-O. - >Pb,Nb  O,  (I) 

Pb.Nb.O,  +  MgO - « 

3Pb(Mg,  ,Nh.  DO,  (2) 

It  can  be  seen  from  F.q  (2)  that  no  tree 
PbO  is  involved  in  the  preparation  of 
Pb(Mg,  ,Nb.-  .)().  and  hence  a  firing  tem¬ 
perature  in  excess  of  the  melting  point  of 
PbO  (XX'T'C)  can  be  used  in  the  synthesis  ol 
the  compound  Likewise,  (he  loss  due  to 
volatilization  of  PbO  is  completely  elimi¬ 
nated  in  this  process  and,  consequently,  the 
composition  of  the  compound  can  be  effec¬ 
tively  controlled  during  the  firing  process. 

The  scanning  electron  micrograph  of  a 
fracture  surface  of  the  compact  obtained  on 


The  reaction  sequence  described 
herein  provides  yet  another  method  ol  pre¬ 
paring  PbtMg,  ,Nh_.  ,)0,  and  appears  to  be 
a  substantial  improvement  over  the  conven¬ 
tional  mixed-oxide  process.  The  ease  with 
which  the  pyrochlore  free  perovskite 
PbtMg,  ,Nb;,)0.  phase  is  formed  largely 
depends  on  the  amount  of  excess  MgO 
added  to  the  starting  stoichiometric  mixture 
and  also  on  the  firing  temperature  med  for 
the  synthesis  of  the  compound 
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The  sintering  behavior  and  microstructural  development  of  dielectric  ceramics 
based  on  Pb(MgtllNb;  ,)0 yPbTtO i  solid  solutions  are  greatly  affected  by  the 
formation  of  a  liquid  phase  at  ^I29U°C.  Prolonged  sintering  at  and  above  this 
temperature  gives  rise  to  an  excessive  PbO  loss  and  the  resultant  variation  in 
composition  leads  to  an  inhomogeneous  inicroslructuie.  The  inliomogeneity  is 
characterized  by  the  formation  of  a  dense,  localized  region  containing  a  PbO-nch 
liquid  near  the  surface  with  a  porous  interior  region  in  the  bulk  of  the  sample. 


'T'HE  sintering  characteristics  and  di- 
electric  properties  of  ceramics  based  on 


the  solid  solutions  of  Pb(Mg,,iNb2,,)Oi- 
PbTiOj  have  been  reported  by  several 
workers. 1,3  In  these  studies,  it  has  been 
shown  that  the  presence  of  excess  MgO  in 
ihc  stoichiometric  composition  and  in¬ 
creased  sintering  temperatures  resulted 
in  an  increase  in  gram  si/e  with  a  corre¬ 
sponding  increase  in  dielectric  constant  ol 
the  ceramics  It  has  been  further  reported* 
mat  prolonged  sinleung  at  I3CK)"C  leaJs  to 
a  compositional  variation  that  aflects  the 
dielectric  properties 

Although  the  dielectric  pioperties  ol 
the  solid  solutions  have  been  icporled  ex¬ 
tensively  in  the  literature,  very  little  is 
known  about  the  sintering  characteristics 
and  microstructural  development  at  ele¬ 
vated  temperatures  The  present  commu 
mcation  is  intended  to  show  that  piolongcd 
sintering  ol  I’bt Mg ,  ,Nb..  .)0 ,-Pb Ti<) , 
solid  solutions  gives  rise  to  excessive 
PbO  loss,  causing  a  change  in  the  compose 
lion  The  resultant  inlioniopcneity  of 
microstructurc  and  the  sintering  conditions 
under  which  such  inhoniogencity  occurs 
are  discussed 


mm  in  ^ 


Experimental  Procedure 

Solid  solutions  of  the  general  com¬ 
position  Pb(Mg,  ,Nb2  j),  ,Ti,Oj  (where 
x  =-0.09  to  0,04)  were  prepared  from 
appropriate  amounts  ol  prefabricated 
MgNb.-O,..  and  icageiit-gradc  PbO  and 
liO}  powders  An  excess  of  MgO 
(5  mol‘,i)  was  added  to  all  compositions 
to  facilitate  the  loimalion  of  a  pyrochlorc- 
lice  perns skilc  phase  The  mixtures  were 
ptessed  into  pellets  and  calcined  in  an  for 

.1  h  flic  calcined  pellets  were  crushed  to  y -  3^  polyfvinyl 

powdei,  mixed  with  a  4',<  ipfftWTny)  ' 

nTfonoDwalei  solution,  and  picssed  into  oil  r~ 

disksldfnrt)  diameter  and  2  mm  thick  Thc~~^  dlCOhol)-  — 

disks  were  su|iportcd  on  prcsinlcrcd  1 

PbtMg,  .Nb2  >)0,  setters  and  stacked  in-  ^ff  IDITI  ill  ^ 

side  a  covered  alumina  crucible  to 

niiniini/c  PbO  loss  during  sintering  The 

disks  were  then  sintered  in  air  at  tem- 

porutuics  between  1250°  and  I30CTC  for 

|vi lods  lunging  from  2  to  10  it  at  a  healing 

late  ol  .MK)"C/h  At  the  end  ol  the  tiring 

peiiod.  the  crucible  was  cooled  inside  the 

luiiiace  and  the  phases  piesent  111  the  sam 

pies  weic  identified  by  powder  X-ray  dil 

llaclioli  (XKD)  using  C'uAu  radiation  flic 

weight  losses  at  various  sintering  tem- 

peiaturcs  were  ascertained  by  the  change  in 

weight  of  the  samples  before  and  after  the 

firing.  1  he  fracture  surfaces  were  examined 

by  scanning  electron  inicioxcopy  (ShMi. 

and  elemental  analys.s  of  the  phases 

present  in  the  smteied  samples  was  con 

ducted  by  an  X  r.tv  cncipy  dispeisivc 

s|KCliomelei  (E.DSl  attached  to  the  SI  M 


Ki.sui.is  and  Dim  i  smon 


The  XR1)  analysis ot  the  sintered  sam 
pies  revealed  a  single  phase  cubic  perov- 
skne  pattern  that  essentially  corresponded 
to  the  PbtMg,  ,Nb-  .(O.  I’bliO,  solid  so¬ 
lution  It  was  observed  that  increasing 
additions  ol  I’bliO,  m  the  solid  solutions 
did  not  cause  any  appreciable  shift  in  the 
characteristic  reflections  ol  the  perov  skilc 
pattern  I  Ins  result  w  as  ptohuhly  due  to  the 
siimluiilv  of  the  ladn  ol  Nh*‘  |II64|  and 
1 1* '  til  I'M  Ions 
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The  sintering  characteristics  ol  vari¬ 
ous  compositions,  indicated  similar  trends 
in  density  variations  and  weight  losses  at 
different  firing  temperatures  irrespective  of 
the  PbTiO. content  in  the  solid  solutions  In 
general,  the  densities  increased  with  in 
creasing  sintering  temperature.  However,  a 
rapid  increase  ol  density  values  was  oh 
served  lor  the  sintered  samples  al  1290  C 
followed  by  a  small  decrease  al  1300  (  lor 
the  same  sintering  time.  A  maximum  den¬ 
sity  of  %'/<  of  the  theoretical  was  achieved 
by  sintering  al  UVffC  for  3  h.  Further 
increase  in  the  sintering  lime  al  this 
temperature  did  not  show  any  significant 
increase  in  the  density  values  The  corre¬ 
sponding  weight  loss  data  indicated  that  the 
rate  of  loss  was  considerably  higher  at  tem¬ 
peratures  at  and  above  I290!'C  Most  of 
the  losses  occurring  al  this  tcmpcraiuic 
appeared  to  take  place  during  the  initial 
period  of  the  sintering;  thereafter,  the  rate 
became  linear  wiih  lime 

The  sequence  ol  microstiuclural 
changes  observed  during  the  sintering  ol 
ihe  solid-solution  compositions  clearly 
demonstrated  that  a  liquid  phase  was 
formed  at  ~  1290 JC  With  increasing  sin 
tcring  time  and  temperature,  the  rapid  in 
crease  in  the  densificalion  rate  appeared  to 
be  consistent  with  sintering  in  the  presence 
of  a  liquid  phase  The  imcrosiruciurcx  ol 
the  sintered  samples  showed  a  significant 
increase  in  the  grain  si/e  w  ith  a  correspond 
ing  decrease  in  porosity.  However,  the 
slight  decrease  in  density  at  I300°C  can  be 
accounted  for  by  the  loss  of  PbO  from  the 
samples  as  observed  by  the  weight-loss  ex¬ 
periments.  Seemingly,  the  PbO  loss,  which 
increases  rapidly  al  the  onset  of  the  liquid 
formation  al  I290°C.  appeared  to  have 
caused  some  variations  in  the  composition 
and  led  to  an  inhomogeneous  micro- 
structure.  This  behavior  was  evident  from 
the  morphology  of  the  fracture  surfaces 
which  revealed  the  presence  of  a  highly 
dense  localized  region  near  the  surface  w  nh 
a  porous  yet  rigid  interior  forming  the  bulk 
of  the  sample  The  SEM  micrograph  of  Ihe 
localized  region  show  ing  the  distribution  of 
various  phases  is  exhibited  in  Fig  1(A) 
This  distribution  is  typical  of  the  micro- 
structures  resulting  from  prolonged  sin¬ 
tering  al  elevated  temperatures  which 
res  calc  J  the  presence  of  many  rectangular 
solid  particles  evenly  distributed  in  a  liquid 
matrix  The  EDS  analy  sis  indicated  that  the 
solid  phase  contained  Mg'"  and  Nb  ’  with 
vers  little  li*'.  and  no  Pb’’  was  pre¬ 
sent  The  surrounding  liquid  layer,  the  mor¬ 
phology  of  which  is  shown  in  Fig  Itfl). 
was  found  to  he  mostly  homogeneous  and 
contained,  predominantly.  Pb  *  By  con 
trasi.  the  less-dense  interior  region,  as 
shown  in  Fig  2.  w,i»  lound  lo  he  es¬ 
sentially  unchanged  and  consisted  ot 
coarsened  grains  of  the  solid  solution  with 
some  residual  porosity  evenly  distributed  in 
the  bulk 


The  concentration  of  a  PbO-rich  liquid 
phase  near  the  surface  during  sintering  is 
believed  lo  be  the  result  of  the  simultaneous 
volatilization  of  PbO  from  Ihe  surface  and 
liquid  migration  within  the  samples  As  is 
cvidcnl  from  this  study,  a  significant 
weight  loss  occurs  mainly  because  of  Ihe 
volatilization  ol  PbO  al  the  liquid  formation 
temperature  (1290  C  )  Seemingly,  pro¬ 
longed  sintering  al  and  above  this  lem 
perature  gives  rise  ro  extensive  PbO  toss 
from  tlie  surface  and  leads  lo  a  com¬ 
positional  variation  With  the  progressive 
loss  ol  PbO  from  the  surface.  Ihe  PbO  eon 
tent  of  the  liquid  phase  must  have  de¬ 
creased  to  a  sufficient  extent  to  allow  the 
lormation  of  MgNb.-O,.  solid  particles  in 
the  PbO  rich  liquid  matrix  It  seems  likely 
dial  liquid  migration  wilhin  the  bulk  ol  the 
sample  during  sintering  is  a  necessary  con 
dilion  lot  allowing  the  change  in  the  com 
position  near  die  surface .  teas  ing  a  rigid  yet 
porous  structure  in  Ihe  intcnoi  It  is  appur 
cut  thai  further  study  i'  required  to  under 
stand  lhc  nature  ol  Ihe  liquid  phase  and  Us 
hchas  mr  inside  ihe  samples  ihroughsiol  the 
sintering  process 
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The  effect  of  additi 


ives  on 


ferroelectric  lead  magnesium  niobate  based  disc  capacitors 
was  studied.  The  basic  capacitor  composition  was  55.4  m% 
Pb3MgNb209,  15.5  m%  PbTiOj,  and  29.1  m%  MgO.  The 
additives  used  were  PbBi2Nb209,  Pb2MgWO^,  and  PbO  in 
concentrations  of  0.5,  1.0,  and  2.0  m%.  The  compositions 
were  formed  by  solid  state  reaction  and  the  capacitors 
sintered  at  1225,  1250,  and  1260°C. 

The  effect  of  composition  on  the  capacitor  properties 
was  determined  by  measurement  of  density,  porosity,  weight 
loss  during  sintering,  dielectric  constant,  dissipation 
factor  and  room  temperature  resistivities.  Microstructure 
was  examined  by  x-ray  diffraction  and  scanning  electron 
microscopy . 

The  additives  either  lowered  the  density  of  the 
capacitors  or  left  it  unaffected.  Porosity  was  unaffected 
by  PbBi2Nb209  and  Pb^MgWO^  additions  but  it  was  increased 
by  PbO  addition.  Weight  loss  during  firing  was  also 
higher  with  the  addition  of  PbO.  The  dielectric  constant 
was  either  lowered  or  unaffected  by  the  addition,  but  the 
dissipation  factor  was  generally  lowered  at  temperatures 
above  the  phase  transition.  The  electrical  resistivities 
were  generally  greater  than  10**  ohm-cm.  According  to 
x-ray  diffraction  and  microstructure,  the  additivies  were 
found  not  to  form  second  phases. 


The  Effect  of  Excess  Lead  Oxide  on  the  Sintering  Characteristics 


and  Dielectric  Properties  of  Lead  Magnesium  Nlobate  Ceramics 


In  this  investigation  the  effect  of  lead  oxide  additions 
on  sintering  characteristics  and  dielectric  properties  of 
ferroelectric  Pb.jMgNb20g  based  capacitors  was  studied.  The 
basic  dielectric  compositions  were  formed  by  solid  state 
reaction.  Densif ication  was  studied  as  a  function  of  PbO 
content  over  the  temperature  range  900°C  to  1000°C  for 
sintering  times  one  to  six  hours  depending  on  the  amount  of 
additive  and  sintering  temperature. 

The  weight  loss,  density  and  shrinkage  measurements  of 
each  composition  were  made  in  order  to  relate  the  effects  of 
the  excess  PbO  additions  on  the  densif ication.  The  dielectric 
and  electrical  properties  were  then  correlated  to  the 
microstructure  and  density. 

The  compositions  sintered  at  low  temperatures  were 
densified  by  the  formation  of  liquid  phase  during  sintering, 
however,  an  increase  of  the  amount  of  liquid  phase  does  not 
necessarily  yield  optimum  dielectric  properties.  A  proper 
control  of  the  sintering  temperature,  time  and  the  amount  of 
excess  PbO  is  required  for  optimization  of  the  dielectric 
properties . 


ivV 


The  results  show: 


1)  The  reaction  between  and  PbO  at  750°C  yielded 

nearly  pure  P3MN  phase. 

2)  The  addition  of  excess  PbO  to  P^MN  -  PT  based 
composition  resulted  in  densities  greater  than  96  %  of 
theoretical  density  at  temperatures  as  low  as  900°C. 

3)  The  densities  of  the  specimens  with  excess  PbO 
sintered  in  the  900  to  1000°C  temperature  range  depends  upon 
the  loss  of  PbO.  Excessive  PbO  losses  deteriorate  the 
densif ication  at  1000°C  for  sintering  times  greater  than  1 
hour . 


4)  The  solid  solution  P3MN  -  PT  with  3.3  m%  excess  PbO 
which  was  sintered  at  1000°C  for  1  hour  yielded  capacitors 
with  maximum  dielectric  constant  of  17,000  at  1  Khz. 


